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AESTR/.CT 


This  raport  la  a ooarpllatlon  of  reprints  and 
articles  of  certain  racaarchea  carried  on  at  the 
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Bita  ray  s|«rctroiiulcr  nirasurcMii'iils  ha\c  l.n-n  :via'lc  of  the  inltnial  conversion  ratio  an  oi.  for  four 
nucKar  Iransilion.s.  Values  ob'ainrd  arc:  .i,.f±()  1 fur  the  t.s2  ktv  tr.'.osilion  in  I’r'*‘,  1 Oa,  I<)2  kev, 

In"*;  4..S7 -iO  OS.  662  kev.  Ha"';  and  t4±2,  056  i.<  v,  ( rcnlative assijjnmenis  of  innilinolarity  arc  gis  en. 


1.  INTRODUCTION 

From  measurerrionts  of  the  conversion  coefruient 
for  tlie  K shell  or  the  ratio  of  the  A'  conversion 
coefheient  to  the  I.  conversion  coefiicient,  one  can,  in 
principle,  obtain  the  niultipole  order  of  nuclear  transi- 
tions and  hence  the  spin  and  parity  chaiif^es  needc*d  to 
establish  decay  schemes.  However,  the  oidy  reliable 
values  of  conversion  coelTicients  e.\istcnt  are  the  values 
of  OK  calculatetl  by  Ro.se  el  ol.'  iisiiii'  exact  relativistic 
wave  functions  for  a wide  range  of  energies.  / valne.s, 
and  inultijxtle  orders.  Kxjx'rimcntal  determinations  of 
<XK  alone  are  diflicult  except  when  tlie  dec  ay  scheme  is 
known  to  be  simple.  .V  few  metluxls  tuive  been  proposed 
to  obtain  OK  for  a gamma-ras'  erudted  in  .i  (omplex 
decay  .sdieme  by  utilizing  Compton  scattering’  or 
external  conversion.*  In  addition  to  the  e.xi>erimental 
dilliculty,  one  faces  the  possibility  that  the  interpreta- 
tion of  values  of  may  he  ambiguous  if  mixtures  of 
electric  2'-|)ole  and  magnetic  2'  --(lole  processes  occur 
in  nuclides  of  low  /..*  I'herefore,  one  would  preter  to 
measure  ni.  ;ind  from  the  ratio  to  obtain  an  unam- 
biguous assignment  of  multipolarity.  !'or  the  inter- 
pretation, the  e.x[)erimentalist  will  have  to  await  the 
e.xat  t calculation  of  the  I.  conversion  cwtTicient,  which 
is  reiH)rtc*d'  to  be  under  way.  Meanwhile,  approxim:tte 
calculations  are  available  for  tent;!ti\ e assignments.*”’ 
In  this  experimental  study,  beta-ray  S|>ectrometer 
measurements  were  made  of  the  ratio  of  for 

gamma-rays  emitted  by  the  nuclides  prascxKlymiuni 
144,  indium  114,  barium  1.17,  and  cadmium  110. 

II.  EXPERIMENTAL 

Quade  and  Halliday*  have  described  the  construction 
and  electron  optical  pr()|>erties  of  the  magnetic  lens 
beta-ray  six'ctrometer  used  in  these  studies.  .Additional 

■ Part  (if  a disscrlalioi)  sulimitlcd  in  parllal  fullillincnt  of  liic 
rvijuircmcnls  for  the  degret.’  of  Doctor  of  Philosophy  at  the 
L'nivcisily  of  Piil.slmrgh. 

t .Assisted  hy  the  joint  progran;  of  the  .\KC  and  ONK  and  hy 
the  Research  (ioriKiralion. 

' Rose,  Oocrlzel,  Spinr.ad,  Il.arr,  and  .Strong,  I’hvs.  Rev.  8.1,  79 
(t9.st). 

' K.  Sieghahn,  Pok.  Roy.  Soc.  (London!  188.  .511  (1916'. 

' ('.  D.  I'.liis  ami  tl.  .Aston,  P:ik'.  Rov.  .'(K.  d-ondon'  129,  ISO 
(t9.im. 

* P.  .Axel  and  R.  F.  Goodrich,  Navy  Re|>ort '*  Internal  conversion 
data,”  privatc'.v  circul.ited 

‘ .\t.  II.  Ilcti)  .and  K.  Nelson,  Phvs.  Rev.  58,  -186  (1910). 

'N  Iialll  and  I.  S.  I.owen,  Phvs  Rev.  76,  1541  (1949'. 

' S.  D.  Drell.  Phys.  Rev.  75.  lj'2  (1949). 
r..  .A.  Quade  and  I).  Ilalliday,  Rev.  Sci.  Instr.  19,  2,14  (19*8'. 


precautions  were  taken  in  the  present  work  to  reduce 
.scattering  within  the  chamber  and  alignment  errors. 
.\ntiscattering  baflles  were  installctl  near  the  source 
and  near  the  counter.  The  interior  of  the  sixrctrometer 
was  (overed  with  a rough  coating  of  ceresin  wa.x.  \ 
simple  experiment  showed  that  this  wax  reduces  elec- 
tron scattering  by  a factor  of  at  least  two.  It  was  found 
necessary  to  locate  the  central  baffle  ([uite  accurately 
so  that  the  annular  aix-rture  at  the  center  of  the  si>cr- 
troineter  would  he  unif'irmly  wide.  Failure  to  do  th'S 
led  to  a broadening  of  internal  ((inversion  lines. 

For  this  work,  a thin-wiiulow  ("rciger  counter  was 
developed  in  which  the  beta  parti(  le.s  entered  at  right 
angles  to  the  axis  of  the  (dunter.  .''ucli  a ( dunter  has  the 
advantages  that  both  ends  of  the  central  .vire  are 
accessible  lor  llashing  the  wire  and  that  the  sensitive 
volunie  of  the  counter  extends  to  the  window.  The 
counter  siiowed  a long  term  stability,  a flat  plateau 
(l.t)  |K*rcent  per  l(K)  volts),  and  a low  background  (.10 
counts  minute).  The  window  had  an  areal  density  (if 
.10  »(g  enr  and  transmitted  electrons  to  energies  as  low 
as  .8  kev. 

ri.ieeof  the  four  radioactive  materials  were  available 
at  reasonably  high  specit’tc  activities.  Cesium  I.’?,  the 
parent  of  barium  1.17,  was  obtained  from  Oak  Ridge  as 
cesium  chloride  at  an  activity  of  1.0,5  mC  ml  and  with 
total  solids  not  exccciling  2.4  mg  ml.  Cerium  M4  was 
cblained  there  also  as  cerium  nitrate  (.t.fXi  mC  'ml  and 
1.8  mg  ml).  Indiui.i  114  waspr(Kluced  in  the  Univer.iity 
(<f  Pittsburgh  cyclotron  by  a Cd"*((/.«)  rea(tion  and 
cleanly  separated  at  the  radiochemistry  laboratory  of 
the  .Atomic  Power  Division,  Westinghousc  Fleet ric  Cor- 
porati(>n,  by  II.  .A.  H'ighlscn.  Silver  110,  produced  at 
Oak  Ridge  by  neutron  bombardment,  had  a low  s|>ecific 
activity  (.1.97  mC  ml  and  150  mg ''ml).  The  thick  source 
resuiting  from  the  low  specilic  activity  caused  dilTiculty 
in  resolving  the  cadmium  110  conversion  lines.  The 
sources  were  prepared  by  dejmsiting  a minimal  amount 
of  the  concentrated  radi(jactive  solution  upon  an 
aluminum  backing  of  thickness  0.00025  inch.  .Average 
areal  densities  of  the  sources  wete  obtained  hy  weighing. 
The  areal  density  of  the  ceriun';,  indium,  and  cesium 
sources  was  about  0. 1 mg  'em’.  That  of  the  silver  source 
was  10  mg  cnr. 

Data  were  taken  automatically.’  Fuough  counts  were 
recorded  that  the  statistical  error  associated  with  each 
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K.C..  1.  The  electron  speclturr.  of  Ce'"—  l*r'“  i;i  tin  reeioii  of  the 
coiivcr;ioii  |>eal's  of  ttie  t.l2  kev  ^armna  ray  of  tV“.  XOIp  . the 
nutnl>er  of  electrons  per  unit  time  per  cr.it  momentum  interval,  is 
plollcd  attaiiist  the  eletlton  mort.entum  in  aibitrary  units 


c.xi>erimcntal  |>oitit  did  not  e.xcecd  two  |>cr(fnt  ex<c|)t 
where  the  cur\es  approached  the  hackgroutid  level. 

lU.  RESULTS 
A.  Praseodymium  144 

A jtortion  of  the  electron  sp-ectrum  of  cerium  144- 
pra.seodymium  144  is  show-n  in  h'iR.  1.  To  obtain  the 
conversion  peaks  of  the  ganim;i-ray  at  U2  kev,  it  was 
necessary  to  subtract  the  enntinuons  siwetrum  from  the 
total  curx-e.  This  was  done  by  making  a l-'ermi  plot  for 
cerium  and  with  its  help  recttnstructing  the  continuous 
spectrum  at  the  conversion  [reaks  Uy  subtraction  of 
the  Continuous  .sj)cctrum,  the  conversion  jieaks  <;f  I-'ig.  2 
were  obtained.  The  spread  of  the  K |)eak  is  4 |>ercent. 
T’he  low  energy  portion  of  each  line  is  ai'|)roxiniately 
exiK);iential,  a measure  ot  the  degraciation  of  the 
energy-  of  the  electrons  as  they  leave  the  .source.  In 
addition  to  the  c.\|>erimcntal  evidence  of  l-'ig.  2,  there 
seems  to  be  theoretical  justification'*’  for  regarding  this 
portion  of  the  c-arve  as  cx|K)nential.  .-\n  cxi>onential 
curve  has  bec.-i  fitted  to  the  A'  peak  to  extend  it  to  the 
mometitu.m  axis  llirough  a region  of  the  total  curve 
w here  O' her  conversion  lines  are  present.  .-\n  exponential 
curve  lilted  to  the  /.  jM.‘ak  extended  it  to  the  momentum 
axis,  f’he  correction  to  the  high  energy  side  of  the  A 
jteak  '.'.as  negligible.  The  ratio  of  the  areas  under  ih-e 
l>eaks  gave  ax  ,S.,3i0.1. 

The  converted  gamma-i.iy  must  be  as-errbed  to 
prascialvmium  144.  Best  agreement  for  the  energy  of 
of  t!i'.'  gamma-ray  is  obtained  liy  arlding  to  the  energies 
of  tlie  A'  and  I.  conver.sion  electrons  the  binding  energies 
for  praseodymium.  Critical  absorption  exiieriments  wcie 
carried  out  using  aqueo-as  solutions  i,f  barium  and 
cesium  a.s  abstJtbers.  The  absorption  ila’.a  showed  con- 

'*  (i.  K Owen,  private  runimunicatioii. 


clu.sivciy  the  pre.«encc  of  >;-rays  whi'li  could  be  citiier 
praseodymium  A'a  or  neodymium  Aa.  Knergy  con- 
siderations make  it  likely  that  it  is  i!;e  t-irnier.  This 
assignnunt  agrees  with  that  liy  I-.mmeri' h •;  ,;/.u 

The  c.ypenmcnt  \alue  of  .s..<  Lii.t  fora.i;  u.-  indicUes 
an  electric  cjuadripolc  rarliatimi  ii  otic  uses  the  non- 
rciativistic  calculations  of  llebl;  and  Nelson. ‘ Tlieir 
results  gi\t  the  following  comersion  ratios;  E 2'  pole, 
8.4;  F.  2’-polc,  4..';  h 2^-)>ole,  1.2.  l-immcridi  c.'  «/." 
report  an  approximate  value  of  7 for  ax  o;. 

B.  Indium  114 

Conversion  jieaks  for  the  192-kev  gamma-ray  of 
metastable  indium  114  arc  shown  in  I-’ig.  .1.  'I'he  spread 
is  ,C.l  |K*rccnt.  The  < ont ribution  of  the  2.0.S-Mev  beta- 
group  to  the  elertron  intensity  at  this  energy  is  neg- 
ligible. 

Separation  of  the  two  |>eaks  for  purposes  of  plani- 
metry was  ctTectcd  by  a niethrMl  involving  successive 
approximations  to  the  separate  t urves.  l-'irst,  a gaiissian 
curve'-’  w-as  fitted  to  the  high  energy  side  of  the  A peak. 
By  subtracting  this  ( ur\e  from  the  total  t urve  betw-een 
the  two  [leaks,  one  (-ould  decide  liow  to  continue  the  /. 
l>cak  in  an  exjionential.  Tlie  exjionential  [xirtion  of  the 
/-  |K'iik  was  then  subtracted  from  the  total  curve  to 
give  a se(-oiid  apjiroximatioii  tci  the  high  energy  jKirtion 
of  the  K |>eak. 

un'ni.  was  found  t(>  be  1 ..lO-rO.O.S  and  indicates 
either  an  elec  trie  2*  )ioleoran  electric  2‘-j)ole  transition. 
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I-;o  2.  T hr  < ic.vi-rsinu  i-I(-cir(ins  "i  U.c  t.l2  kev  K.im.-iia  ray  of 
l’e-“.  I'itv'vi  !.l'.ow  llir  cxprrinu-ntal  poiiils,  s-|U.irc!i  show  poii'.'s 
oil  the  r.-ili  ul.ilr'!  rxiioiirnrial  l urvi-s. 

" Kn-.nicriih,  Jol.n.  and  Kur'>atov,  l’|-.\s.  Kev.  82,  0f>.S  ' lO.SP. 
” flit  line  shape  of  a iiuaaeiic  lens  s|>c(-;ronieler  can  fx-  ap 
proximated  ipailc  v i-fl  tiy  a skn.-ed  c-mssiai’.  curve.  See  V.in  .-Xlla, 
Warshaw-,  ('hen,  .in'l  Taini-.ilv,  Rev  Sci.  liislr.  21,  985  (19.50.'. 
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llchl)  and  Nelson  nivc  the  foilo\'  in};  values;  K 2 '-pole, 
1.7;  E 2-^-po!c,  0.0.  Lawso’i  and  Cork"'  report  ;i  value 
of  l.UrO.l  for  <>;,■  a;.  Hi.>ehni  ;iiid  I’rei'werk-'  v’ive 
1.1 -t-M  1.  :iMil  SleUeii"'  le|Mirts  l.l()  rl>  (O'. 

C.  Barium  1.37 


I m:  1.  T'u-  < o".\*Tsn»;)  ror.s  oi  li:c  (^*2  krv  r.\y  oi 

tt.r’-  ( 'tarv  tiK*  exJxTirv.riil.iI  M'>!".Iv.  ‘.•yurc-  ■•anw  pairUs 

;mi  till- . a!i  iil.iT  i 

[K-ak  of  the  6.'f)-kev  >>amma-r.iy.  I'lie  f)70-kcv  line  was 
<lis( overed  hv  Sieghahn  '’  in  stiulying  the  plioioolrctron 
spectrum  of  these  radiations  in  a lead  ( onverter.  Three 
lines  in  die  spictruni  di7h  kev.  7(l.s  kev,  7.Vt  kev)  have 
about  the  .s.ime  phot oelia  trie  Intensities.  Siejtbalm  ton- 
(ludes  that  the  gannn.i  intensities  are  probah'ly  .about 
the  same  U|>on  the  ;issi;niptio:i  th;il  the  lines  are  of  the 
same  nuiltipole  order.  On  this  basis,  the  conv  ersion  roef- 
lit  iee.t  should  be  approvimatelv  the  s.ime,  ami  the  K 
peak  of  the  7(W>  kev  line  slionld  approxiiiiiite  that  of 
the  o7()-kev  hue.  1 he  /v  |H'ak  of  the  706-kev  line  can  be 
re.idily  measureii.  .\fter  ap|)lying  this  plausible,  al- 
though terlainly  not  rigorous,  correction,  os  o-  a was 
foniitl  to  be  1 1-;  2. 

rh.is  result  indic.ites  eioci ric  tlipole  r.idiatioti  accord- 
ing to  the  i iilculations  of  llebb  and  Nelson.  However, 
the  ditVa  iilties  intr  l■lu^  eli  by  the  souri  e ihit  kness,  the 
approximate  nature  of  tiie  torrcciion  for  the  interfering 
line,  a;id  the  nonrelativ  istic  theory  nsnl  rediue  the 
lertainty  of  the  assignment. 

By  two  indepemlent  means,  Siegbalin'''  has  found  ns 
for  this  litre  to  be  2..sX10  '.  I he  precise  theorv  shows 
I'aat  iliis  is  consistent  with  eitlier  electric  or  in.tgnetie 
diiiolx  radiation. 

The  audior  would  like  to  acknowledge  the  support 
and  eiuonragement  given  him  by  Dr.s.  1).  ITdliday, 
.\.  J.  .Mien,  and  G.  K.  Ouet).  Mr.  Ketincih  Metzgar 
.assisted  with  the  instrumentation.  Nlr.  .Samuel  broder 
prcp.iretl  tables  of  the  I'ermi  function. 

■ K siti;!>a'aa.  I’e.vs.  Kiv,  77.  2.i(  I'C-O 


I'ignre  1 shows  the  A’  and  A—  1/  <<a-.version  |a-aksof 
the  W)2-kev  ganinia-r.iy  of  niet.ist.able  barium  137.  The 
spread  of  the  A'  line  is  1.4  |H'n  cnt.  v.alueof  l..S7ir0.0.s 
is  found  for  os  in  good  agreement  with  the  result 
os  a;.if-  l..sl  ohiaiued  hy  b.iuger.'*  Mitchell  :ind 
I’eaiock'*  report  the  value  I.S  for  os  <«/,  and  Osob:i" 
finds  OK  o...-.s().  Tentativelv,  one  may  assign  a multi- 
polaritv  of  e'.eitrir  2^  to  the  transition.  It  must  be 
emphasized,  however,  tliat  the  nonrelativistic  theorv 
m;iy  he  considerably  in  error  at  this  energy. 

D.  Cadium  110 

Cadmium  lb)  is  the  litiughtt'r  iiuileus  bv  negatron 
emission  of  silver  lit),  '.’lie  A and  /.  -.!/  conversion 
[leaks  of  the  fob- kev  ganima-ray  of  cidniium  110  have 
lieei.  measured  with  ;i  line  spread  of  3.7  percent.  Tiie 
peaks  were  sep;iraled  hv  the  procedure  referred  to 
;d)ove.  However.  ;i  (orrection  imist  be  applied  to  the 
A— .1/  jie.ik  to  (orrect  for  the  (iresence  of  A'  conversion 
electrons  due  to  a gamma-ray  of  energy  076  kev  w hose 
A peak  is  su|>erim|xi.sed  fwithin  2 kev)  u|kih  the  /.  .1/ 
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.il  from  'hir,  of  .il(ini!*u;r;;  \n  * ram  of  Sl>  \Ir-\-  protons  ajs  ntili/rri  for  the  *>oml>ar(I- 

nicMl . rrr.laltvc  \ alnrs  for  I he  Irvcls  fminil  an  0 K14.  i (Ufi.  2 J.7S.’.  .<  (Ill),  I T.k..  I (lIS,  I 1 1 5.  I 47.!. 
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from  the  .VP'i/>.o)Mk’‘  rear  iion  torrr‘ponilti  i;  to  .an  r.Mileil  stale  of  .Me’*  t'a*-  also  oiisrrviri  atiil  ts  Irelteveif 
to  he  complex. 


INTRODUCTION 

WILKl-'.XS  jiiitl  Kui-rti' - were  the  I'lrst  lo  rc|x)rt 
on  tile  measurement  of  tlie  e;;cr>;y  le-els  of 
aliimitium  I'V  oliseraation  of  inelastic  scalterim;  of 
protons.  Since  then,  additionai  stndie.s  of  this  same 
nucleus  have  heen  nnide  liv  siseral  ohseners  hoth  l)v 
inelastic  .scatterin;;  ex|K'rinients‘  ' and  liv  other  nncle.ir 
reactions.''  In  the  exi>eriment  to  he  de.scrihcd,  a l.irue 
magnetic  s|h’(  trometer  was  utilized  for  the  me.isuM- 
nient  of  enerjiy  of  charged  partidcs  emitted  (tom  :i:i 
aluminum  foil  tar>;el  honiharded  witii  a hcani  of  mag- 
netically analx  zcd  8-Mev  proious. 

APPARATUS 

Details  of  the  a[)p.iratus  have  heeu  puhlished  else- 
where.'' ‘I'he  itroton  Ifam  was  produced  hy  the  47-in<  h 
I’niversity  of  I’ittsl)uri:h  ( vr  lotron.  .\  lar>;e  tonisinij 
magnet,  iilaccd  ahon'  seven  feel  from  the  cyclotron 
\arnnm  tank,  focused  the  he;im  on  the  entrance  slits 
of  a heap'  .'ualyzer  mattnet  wiiitlt  -.v.ir.  IrH.ited  in  a.t 
adjacent  r<K)m.  .\n  eiKht-foot  thick  .shieldinj;  w.ill 
separated  this  room  from  the  cyi  lotron  chamber,  .\ftcr 
traversinif  the  beam  analyzer  I'loid  the  beam  was 
liniiled  iiy  stops  to  an  anpular  extent  of  .t.I  de>;rees 
horizontally  and  passed  thronph  a final  ar.alxzcr  slit, 
t'j  inch  wide  and  I inch  hiydi  which  limited  tlie  beam 
encrjjy  spread  to  20  kev.  Tar>;ets  were  placed  at  the 
center  of  a larpe  sea". terinp  c hamber  at  a distance  of 
1.75  inches  from  the  linal  beam  atiah'zer  slit. 

.\  l.•.^"e  •'»()  -sector  niaenetic  siKCtrometer  was  jiosi- 
tioned  at  an  aufjle  of  ‘Af  wiili  resjK’t  t to  the  beam 

t Work  (lone  in  I hr  Sarah  Mcliot)  Scaife  Railialior;  I.ahoralorv 
and  assisicd  hy  the  joint  program  of  the  0\K,  .\KC,  ami  the 
Kcsc-arib  ('ori)oraiion, 
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’ S*.\a.'in.  M.tndevdlr.  and  W’liilc hca.l,  I'ly.  ? K*  c 79.  50S  > 1050', 
t'VatiraUer,  Spvtdulo.  ami  laitte,  I’hvs.  Kev  S5,  212  il05|. 
o Hender,  Keilley,  .Mien.  Klv,  .-Vrlhur,  and  Ilausiiian,  Ktc.  '-a. 
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center.  Charged  particles  emit  If  1 from  llie  larcei  were 
focused  by  this  ma>;iielic  lens  on  a sc  inlillalioti  screen 
mmmled  external  to  the  vacunm  system.  .-\  d.I-nnl 
nickel  foil  served  as  the  window , Slops  were  providerl 
to  limit  the  anpiilar  a|>erlnrc’  lo  _:_2  w ith  r(.'S[x*c  t to 
the  center  lino  of  the  .system. 

|•'ield  excitation  c iirrcn's  for  the  thre-e  ma>rnels  were 
obtained  from  mrdor  ectieralor  seis  wide  ft  were  elec - 
tronicallv  stabilized.  1 ho  maunctic  tiehi  of  the  heam 
foe  usinu  maiinet  was  ad  insled  so  as  to  yield  maximntn 
beam  on  the  eiilrance  slit  of  tin-  beam  analyzer.  The 
niaKiielic  fields  in  the  beam  and  particle  analyzers  were 
metisured  by  means  of  the  jirnlon  maunelic  resonance 
melltod'-  to  one  Jiart  in  10,(XX)  and  were  cenilinnously 
monitored  clurin.;!  the  e.xix'rlmenl.  l arKel  beam  currents 
of  0.5  to  I.O  microanijK’ro.s  were  ohiained. 

In  order  lo  provide  uniform  bomb.ardmenls,  an 
insnlalcd  Faraday  e tip  was  placed  behind  the  lar>;et  so 
as  lo  collec  t the  heam.  This  cup  uas  connet  led  to  a 
Iirecharjred  |M)lystyrciie  I'onclenser.  the  potcnili.il  of 
which  was  niotiilored  by  means  of  ,i  Idndeman-Ryer.son 
elec  trometer.  .\  sw  iii  hin>;  arr.injremc  nl  was  provided  so 
as  lo  |ierinit  lerniinalion  of  the  coutilinR  imriiKl  when 
the  eliHlromel'or  indicated  zero  potential. 

Scinltllalion  iiinnlers  lonsisliii};  of  a phosphor  screen 
and  either  an  R('.-\  Ivih-  5SI‘>  or  ;m  KM  I 5.111  pholo- 
niulliplier  lube  were  used  as  particle  deleiiors.  Rather 
lliic  k layers  of  stlver-ac  tivated  zinc  sullide  di'iiostled  on 
j:lass  slides  from  alcohol-water  sus|K'nsioiis  were  found 
to  be  silisfaclory  for  initial  survey  work.  The.se  had 
adequate  .sensitivity  for  hoth  alpha-particles  and 
protons  and  yet  were  cnmpar.it ively  insensttive  lo  the 
i:amma-ray  lijick^jroiii’.d.  Thin  dejxisils  of  this  same 
phosphor  were  found  lo  be  useful  in  oblaiiiiiyt  dis- 
( iiinination  in  coiiultti"  alplia  particles  in  the  presence 
of  iif.desircd  protons.  ,\  sclsyn-conlrolled  absorption-foil 
sliuticr  was  nioimled  iiuiiiedi.ali  ly  i:i  front  of  the  scin- 
tillation sc  rcen  so  tl.al  alpha-parlic  les  roidd  be  s|op|K'd 
when  desired.  This  sinilier  larrifl  ,i  iimni  er  of  ahi- 
miti'im  foils  of  dil’ierenl  thickness.  Tnlsc.s  i>-om  the 
()hot<imiilli])licr  lube  were  fed  by  a cathode  follower 
ihrou(;h  a loin*  ntatched  coaxial  line  to  a scjiaraie  room 
.iri'l  further  aniplilii’d  hy  a Jordan  and  Hell  i.v|h‘  linear 

” K V.  I’oumi  ami  \V.  0.  Knii;hi,  Kev  .Si.  In«lr.  21,  2t9 
(19.50.1. 
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Fin.  I.  S|M-<lrum  of  maKnclit^llv  iinalyzccl  pariiclrs  oliiaincd  al 
<X)'  and  AF'  l)oml)ar(Ud  In-  8Mcv  proloiis. 


ampIif'i'T.  The  amplified  pulses  were  fed  into  three  puls.e- 
hei;;ht  discriminators,  each  set  at  a ditTerent  levei  and 
each  connected  to  a separate  sealing;  circuit.  This 
eoinstin^  arranRement  iwrinifted  crude  pulsc'dieiRht 
analysis  to  he  made  and  indicated  whetlier  protons, 
deuterons,  or  alpha-partii  les  were  l)ein^  counted  durini; 
initiat  .searches  for  charged  particle  groups. 

CALIBRATION 

'I'hc  S[K’Ctrometer  was  calil)rated  hy  using  al;)ha- 
particles  from  a |x)loni'im  deposit  on  a nickel  plate 
which  was  inserted  in  the  normal  target  |X)sitioii.  The 
/?p  value  assumed  for  these'  particles  was  10‘ 

gauss-cm'^  which  corresponds  to  aii  energy  of  ,5.2‘>8 
.-t-ii.(X)2  Mev,  Since  the  magnetic  fields  were  always 
measured  in  terms  of  the  frequenev"  of  proton  magnetn 
resonance,  the  .s[K'ctromeler  constants  were  calculated 
in  terms  of  frequency.  The  S[Kctrometer  constant''  for 
alpha-fiarticles  (('„)  was  found  to  he  (1.0.Voi-().0t)2) 
X10‘"  Me\'-sec',  and  the  constant  for  protons  (f'p' 
was  found  to  lie  (1.02d2rt0.(Kl2)X  H)”"  Mev-sei  -. 
Group  energies  calculated  from  these  <onstants  ai'd 
from  the  magnetic  resoname  frequencies  corresjKinding 

N'a.nl’ailcf,  Sncrdulo,  Huanp,  S'.rail,  and  Buechner,  I’hys 
Rev.  SI.  233  (IVSi). 


to  tlie  centers  of  tl;t  gri.ups  were  corretled  for  energy' 
loss  in  the  target  and  tor  relativistic  shift. 

RESULTS 

A si'Ct  trum  oittiiined  from  the  homhardment  of  a 
0.14  mg  ( in'  foil  target  is  slto-a  ii  in  Kig.  1.  .Sixctroscopit 
analysis  showed  that  there  was  less  than  0.1  oercent  of 
Na,  C‘u,  and  Fe  in  the  target.  Twenty  inelastic  proton 
groups  were  ol)ser\(‘d,  ninetein  ap|)earing  in  this  par- 
ticular run.  Two  alpha-particle  groups  from  the  .AF' 
f/>,o).\lg-'  reaction  corresixuiding  to  excittition  of  the 
1..38-Mevand  4.14-Mev  levels  in  -Mg-‘  were  found.  These 
two  arc  lahclled  “c"  and  “»"§  in  tiie  figure,  ('arhon 
(!e|*osiis  which  formed  during  homhardment  con- 
trihuted  another  prot'in  group  which  (hx'S  not  apjx'ar 
in  Fig.  I since  these  data  were  ohtained  immediately 
after  a ( lean  target  was  inserted.  The  proton  group 
was  siqicrimposed  on  the  alpha-group  "c”  and  was 
isolated  liy  insertion  of  a 10  nig-'em’  ahsorbiiig  foil 
between  the  six'(  tronieter  c.\it-.s!i!  and  scintillalion 
detector. 

The  energy'  resolution  obtained  for  these  groups  was 
aliout  one  jx-nent.  Fhe  yvidth  of  the  groups  yvas  at- 
tributed to  several  sources:  (1)  the  proton  bc;im  hail  a 
half-width  of  20  kev;  (2)  the  angular  acceptan(  e of  the 
six'ctromeicr  plus  the  angular  divergence  of  the  beam 
((intriliiited  4.5  kev  to  the  yvidth  of  b Mev;  C.5)  the  finite 
resolution  of  the  sjiectronielcr  (,A-iii.  source  and  exir 
slit  yvidths)  (('iitrihuted  .’I  kev  to  the  yvidili  at  b Mev. 

The  measured  line  shaix?s  yverc  quite  good  fits  to  a 
normal  distribution  function  and  exhibited  little  asyin- 
nu'trv.  .A|  iiation  of  I’earson's  clii-stpiare  test  to  ihe 
(iata  for  five  of  the  most  intense  inelastic  groups  resulted 
in  an  average  probability  of  0.5  for  the  normal  dis- 

Tabi.f  I.  KiicrKy  levels  of  aluminum. 
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§ \olf  aJira  in  proof-  SuhsequenI  invesli(;aliot)S  have  shown 
peak  “i"  to  lx-  a cioiitilcl,  corresjxindirg  lo  levels  in  Mg’*  al  4.11 
and  4.21  Mev. 
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tril)ution.  Since  a c l)i-sf;uare  prohaliility  of  9, 01  i<;  cor- 
siclcrcc)  satisfactory/'  tlu'  lines  were"  assumc-cl  to  lie 
normal  in  shaiK’,  and  line  c enteis  wc-re  cleterminecl  from 
tl'e  comimtecl  "Ijest-tit"  c iir\es. 

riie  eneriiy  levels  cleterminecl  for  Al’’  are  shown  in 
Tahle  I and  Mj,'.  2.  The  prohalile  errors  in  these"  have 
heen  estimated  as  heinj:  0.020  Mev  from  the  itnc  ertainty 
ill  cletermination  of  the  t^ronp  renters  and  from  th.c" 
uncertainty  'n  tlie  c .ilihration  coiistant.  In  Talile  I 
the  levels  listed  !jy  All)urj;er  and  Ilafner/'"  which  were 
the  result  of  a literature  survey  coveriiif'  the  work 
rejiortecl  hei’ore  l'.t;'0,  are  yiven,  ahinj^  with  more  recent 
data  reported  liy  Kellvr,’  hy  \‘an  I'atter,  Sju-rduto,  and 
Knue,"'  and  liy  S!;<a.'niaker,  Faulkner,  liouricius,  Kanf- 
mann,  and  McKiriin;.'*  It  will  l>e  noted  that  iii  this 
exjieriment  no  scatterin.i;  was  ohserved  c orresixmclim; 
to  excitation  of  the  l.S5-.Mev  level.  Ten  levels  which 
were  not  previously  rejiorted  were  found. 

We  wish  to  ac  know  ledite  the  help  rec  eived  from  l)r. 


" (5.  \Vorll:i;;(;  and  J Cic  fliuT,  Tre  ilmrnI  c/  I\xf'erin:r>ilil 
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'*  Shoenaki  r,  F.uilkiu  r.  Hmirjc  ius,  Kaaimaini,  ami  .McKiri-.g. 
Pins.  Kev.  83,  Kill  d't.M  i. 
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I’erkins,  Mi.  R.  W ei.se,  .Mr.  J.  Rare,  as  well  as  from 
the  many  oilier  memhers  of  the  Lihoralory  who  have 
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Inelastic  Scattering  of  Protons  from  Nickel* 

K u.i*n  l\i.v,  jK.,f  A J.  Ai.u-  s,  J.  S.  Artiu  k,  K.  S Hi.ndi.k.  U.  J.  H \i  sjhv.  »ni>  I’..  M.  Ki  ii.u.v* 
l.'ni-.rnily  iif  J.1,  Pcnttsyhiwij 

(Kcc(  ivrd  I cliruary  18,  1932^ 


Hy  use  of  The  ei|uit>n'.<'i)l  ilcvelopcd  for  ll;e  pretision  scalU  rioR  projcrl  al  tlir  I'aivtrsdy  of  I’itts'iurKli, 
iarlas'ii  sea: leriuR  of  8 Mev  protons  from  a tldit  nkkid  target  l.as  Ih-cii  observe .!  at  ’8)°.  ’M'e  ener;;y  levels 
ol.iaire.l  for  i.atural  niekel  are  l .vf),  I dT*),  2 186,  2.>2f..  2.50»,  2.6<R).  2 811.  2,'W».  dOSl,  .VI6l’  .!.220. 
.f..i08,  .(.•(62..5..'7.s,.?  f>46,.?  77.i..v823.  t <M4.  .< ‘)79.  and  4 066  Mev.  A:  ptesenl.vidy  l!u-  three  levels  (..U4. 
1 470.  2 .s(M  .M  ev  e.i:)  he  assi;;i)ed  to  nickel  W)  from  conipari'on  with  iieta  decay  of  cobalt  60, 


INTRODUCTION 

E.\Kk(i\'  levels  in  nickel  have  heen  oh.served  hv 
the  inelastic  seatteriiif;  of  protons  from  a nickel 
foil.  T he  apparatus  ;iiul  method  of  ,inalysis  of  the  data 
are  the  s;ime  as  that  of  the  precediiif'  p,tpcr.'  Picke  and 
Mar.sliall,-  with  incident  protons  of  6.U  Mev,  were 
un.ihle  to  oh.serve  any  levels  in  iiicKel.  l til!)ri>;ht  and 


• Work  done  in  the  Sarah  .Mellon  Scaiie  Kaiiiattoo  l.al.i.r.i:.):y 
and  assisted  by  llv.  joiiii  program  oi  the  ()\'I<  and  .MIC  ainl  the 
Ke.search  Corporation. 

t Now  at  WestiiiKhouSs'  .\to:;iie  I’o.^r  Division,  liettis  Kield. 
I’ittsiiurgh,  I’er.'  Iv.  nia 

J Now  at  Camp  livaiu  Sign.d  I.ahoratories.Uelmar,  .New  J<  rsey. 

• Uvilley.  .Mien,  .\iil>ur.  Uender.  Kh  . and  Ilausman.  I’h>>.  Kev 

86,  857  iie.«2i. 

’ K.  II.  Dicseand  J.  .Marshall,  I'h.ss  Kev  65,  86  1 164.?:. 


Hu.sit,*  usin^  .5-17  .Mev  protons  from  the  rrineetr-ii 
eyclotroii,  reported  one  weak  level  iit  nii  kel  at  .5.8  .Mev 
as  well  as  a hroail  hand  of  tracks  In  the  photoj;raphit: 
enttilsion  used  for  detection.  This  hrttatl  hand  sti).;ftests 
either  that  a three-panicle  disinteffr.ttion  is  occurring 
i>r  that  the  levels  are  too  c'lose  to  he  resolved  with  their 
e(|uipment.  In  the  present  study,  twenty  energy  levels 
have  heen  ohserved. 

The  target  (oh tamed  from  the  Chromium  ('orfK)ration 
of  .\mtiica'  was  a nickel  fr.il  of  arcttl  density  U..5d2±2.5 
I'crrent  ing  env'.  .SpectroM opic  analysis  showerl  *ess 
chan  U.Ol  (XTeent  of  copper  in  the  target.  The  source 
anri  an.ily/.er  slits  were  J inch  wi-.le.  In  all  other  respects 
the  e.\|X‘riment,il  tielaiis  were  e.ssentially  .is  reiiortcd  in 
the  preceding  pa|HT. 

>H  W.  CullrriRhl  and  K.  K.  Hush.  I’hys.  Kev.  74,  1.523  (i948,. 
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RESULTS 

l i^iirf  1 <li()\vk  tlif  fiuTgy  s[K-clrum  oblainfd  for 
,S-.NKv  protons  M.itUrt'ii  fro:ii  niikot  at  ‘XI’.  lns<Tliiiv; 


♦l*l»  

ra<V««r  • »l><a  « 
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I'm  ’ Kiicrsy  Ifvcl  ss  h(  mr  for  nic'Kcl. 


;'l)Sorption  foils  in  front  of  the  rielet  tor  shows  that  all 
are  proton  |)eaks.  IVak  "it"  is  l!u*  nickel  elns!i<  [>c.ik. 
while  “6"  is  the  elastic  peak  caused  by  ;i  thin  carbon 
de|>osit  which  formetl  durint'  bornl.'ardnienl.  Table  1 
shows  the  eiierp'ies  of  the  resultant  levels;  they  are  cor 
reeled  for  recoil  nut  lens,  relativistic,  .in>l  target  ener;.;y 
loss  elTeds.  A probable  error  of  the  order  of  JO  kev 
seems  reasonable,  Helow  .k6  Mev  in  I'i^.  I are  ■'cveral 
partuilly  resolvetl  |H‘aks.  Tentative  but  tjuestioiudde 
assiftninent  of  these  peaks  are;  4.J‘.),  4,.k<,  4.44,  4.47, 
and  4.50  Mev. 

Tijture  2 shows  the  enerfry  le\‘.‘i  scheme  for  nickel. 
Hrady  anti  Deutsth,*  from  beta-decay  of  Co*’,  re|x)rt 

Tabu.  1.  i-.ntTKy  Icvils  of  iiicki  l. 


I-  iiriity 

.trrl  l.ritii 

l)ru(  .cli  r;  j/.  Uti-1  Hu<i.S 

Mr\ 

Mrv  Mev  Mev 
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1 344 

1 33 

1.471 

I .3 
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2 l.SO 
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2 326 

2 sIJI 

2 >0 

h 
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i 

2«14 

i 

2 146 

k 

3 (WI 

t 

3 161 

m 

3 226 

n 

3 308 

o 

.5  462 

P 

.1  ,s7.i 

q 

3 r>46 

r 

3 773 

s 

3 823 

.3  8 

t 

.t  144 

u 

t 

4 IX8j 

\v\ch 

tot  I .3.3  Mev 

and  J .3(1  .Mev  in  Ni‘'’.  The  thinl  level 

is  ul 

I..S  .Mev  in  > 

ti'-’as  re|H)rted  by  l.eith,  Hratenahl, 

and  Moyer^frt'm  positron  dei  ;iy  of  The  remaining 

levels  are  as  yet  un.issiftned  to  a particular  isoto|H-.  The 
level  obtained  by  I’'ulbrit;bt  and  Hush^  is  shown  at  ,S 


Mev. 

We  wish  to  .i(  k:iiM\led);e  the  help  received  from  I)r, 
I).  H.illiday,  Dr.  I,.  I’a^e,  Dr.  I‘.  Stehle,  .Mr.  I'..  I’erkins, 
Mr.  k.  Weisf,  anti  .Mr.  J.  kane,  as  well  as  from  the 
many  other  members  of  the  laiboratory  wlm  have  taken 
an  interest  in  this  projfit. 

• i:  I.  H:.u!\  .anti  ,M  I)iu;>tli.  I’livs  Rev.  74,  ls4  (l')tm. 

* I.t  ilii.  Uraltr.alil.  .nui  Miiver.  I’liys  Ktv  72.  7.12  (1U47). 
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Radiofrequency  Power  Supply* 

I . M W i- 1: 1 I > t R S.  U^  viit  h.  \*;n  1 ! t II  %i  s\i  ts. 

• I jlxfnt.rv.  t /V  ; 

Um  I-.*  : \ IV  *t  l')S1 

AlllCjH  voli.iKC  power  supply  lias  Urti  iksigMeil  h.ivi.ic  a An  (ui;put  voltage  from  MX)  to  volts  is  olilaitual  Ijy  use  of 
maximum  current  output  of  MX)  microainiu  res  for  use  v\ith  tlic  wire  wound  resistance  chain.  The  switch  gives  .MXI  vo.'t  steps 

any  e<|Uipment  wherein  very  high  <lt  staliility  ot  the  supply  voltage  anil  the  l(X)A'  potentiometer  a continuous  control  over  the  range, 

is  essential.  The  input  to  the  regulation  sect.on  of  the  supply  is  a .\  2K  precision  re.sistor  is  ir.clt.dec!  in  the  fixed  chain  for  measuring 

dc.  amplifier  wired  .is  a ditlerence  amplifier,  the  de  reference  the  ahsolitte  value  of  the  output  voltage  with  a potentiometer, 

voltage  supplied  liy  a .sfi.sl  voltage  regulator  tuiie  operating  at  1 he  de  output  voltage  measured  over  a pcriisl  of  4.S  hours  shifted 

(cuistaiu  current.  Ueeausi'  of  the  two  stages  of  dc  auiphiication.  the  less  than  two  parts  i:i  10.(X)0;  over  a (wrioil  of  } hour,  the  deviation 


plate  swing  of  tnlnr  \'.i  is  limited  to  —.M)  volts.  It  is  ileara'ile  that 
the  pl.ate  of  \'.i  he  at  aliout  22s  volts,  the  iniil  [loint  of  its  range, 
under  actual  load  conditions.  I he  .screen  hias  of  V.s  may  he  .vet  m 
two  ways,  hither  the  plate  of  V.l  may  he  connected  directlv  to  tlie 
grid  of  V2H  .and  an  ().\2  or  0H2  VR  lulic  used  to  obtain  pro;>cr 
screen  hias,  or  a high  resistance  chain  (/fi./fj)  may  he  used  to  drop 
part  of  the  voltage  applied  to  the  grid  of  V2U.  The  following  pnx-c- 
dure  may  he  used  to  tune  the  plate  circuit  of  the  oscillator.  .\ 
variahle  coniien.ser,  400 -UXX)  uuf,  is  pl.aced  in  the  tank  circuit  of 
the  6.\y.S  oseill.itor.  L'mlcr  load  comli|ioiis--cxlernal  io.ad  at 
desired  [lotential  — tlic  condenser  is  tuned  to  minimize  the  screen 
[Mitentlal  of  V.s. 


was  less  ih.iii  one  part  in  10.IXX)  hor  these  determinations,  a well 
regulated  .fiX)  volt  supply  was  usid.  I he  ac  ripple  content  in  the 
output  dc  has  hecn  measured  as  being  less  than  10  millivolts. 

Dr.  U.  I.  Robinson  of  The  Johns  Hopkins  I'niversity  has  tried  a 
simple  mcihoil  for  conversion  of  the  present  supply  to  a negative 
output.  I he  techniiiuc  is  to  ground  the  H ^ of  the  iOO  volt  supply 
for  the  regulation  six  lion.  In  order  to  get  a suit.ahic  grid  reference 
voltage  It  is  necessary  to  use  ''tisl  tidies  in  scries  from  grouiul  to 
the  grid  of  VIB. 

•\\rx:<  «’ mr  i::  |!:r  Jvjr.xh  R;i  I .ih  .1-.  r 

( l»v  (l.e*  *•  t*  x’  I >\  K J (!.r  \l-  C' 
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A MtatlcrinR  ptn(;run)  at  the  fniversily  (>f  rniOiurKli  um-<.  < hargol  particles  iron)  the  cy(loIri);i  (8-Mev 
protons,  l6Mev  tleulerons.  and  niev  alph.a  particles  ,\:i  eleclronia^net  focuses  the  cyclotron  l)cani 
throuph  an  ai>eiturc  in  ati  S ft  shielditiR  wad  into  a scallrrin)!  lalioratory;  a second  n>agnet  analyzes  the 
heani  in  energy;  a third  ntagnet  an:ilyzes  the  energy  of  the  charged  |>artirles  prixluced  in  the  reaction.  I'or 
r\i  in.  analyzing  slits  1 .0  microamperes  of  S±(l  OlO-Mev  protons  areavailah'.e  at  the  target  31ft  distant  from 
the  cyclotron.  The  reaction  particle  analyzer  can  l*e  rotated  ahoui  the  target.  The  energy  disiwrsion  for 
.S.298Mev  alpha-particles  is  0.192  Mev  in  for  each  analyzer;  the  momenlinn  resolution  is  1 part  in  8.S0 
The  detector  is  a scintillation  counter.  The  energv  detertnie.alions  at  present  stage  of  development  are 
thought  to  lie  accura.e  to  J.O  2 |>ercont  asc  ril>ed  to  in.ignel  calihratioi.  uncertainties.  Energies  alios  e and 
Im-Iow  this  value  .ire  thought  to  Ik-  of  the  s:inie  prevision  hnt  the  actual  ealihratioas  h.ave  not  t»een  completeil. 


INTRODUCTION 


BEAM  FOCUSING  AND  ANALYSIS 


THK  L’tiivorsity  of  I’ittslnirj^h  t vclolrott  .•urclcntlcs 
protons  to  an  ctu-rt^y  of  <S  .Mev,  (Icntemiis  to 
U)  Mev,  and  ;tlpha-partirlcs  to  .12  Mcv.  R.idiatioii 
ItaikKround  nutkes  llto  direct  study  of  nu< dear  reactions 
in  tlie  cyclotroti  dianiljer  itself  very  diiricult.  .Also  tiie 
spreads  in  angle  and  in  energy  of  the  cyelotroti  e.xternal 
beam  are  large  and  attempts  to  reduce  tlie.se  factors 
by  simftle  collimation  would  greatly  reduce  the  heam 
intensity.  To  overcome  these  ohstacles  a shielded 
scattering  laboratory  w;is  built  into  ;i  hillside  just 
behind  the  cyclotroti  chanihcr.  .\tt  8-ft  wall  was  placed 
betwee’t  these  two  nKtms.  One  can  work  safely  in  the 
scattering  lalxiratory  with  the  cyclotron  oiKTating  as 
long  as  the  heam  is  not  ftx  u.sed  into  the  rtHtin.  .\n 
aluminum  duct  system  transixtrts  the  incident  beam 
-M  feet  through  focusing  and  heam  analy/.ing  inagneis 
to  the  scattering  chamber;  the  charged  partii  les  from 
the  reaction  traverse  an  additional  10  feet  of  duct 
system  through  a second  analyzing  magnet  to  a scintil- 
lation detector,  l-'or  S-Mcv  protons  a normal  beam  at 
the  target  through  it-in.  silts  is  1.0  microam|>erc  with 
an  energy  sjtread  of  ±0.010  Mcv. 


FlC.  I.  Plan  view  of  the  cyclotron  ami  the  scattering  project. 

• Work  done  in  Sarah  Mellon  Scaife  Radiation  Laixtratory 
ami  is-sisted  bv  the  Joint  Program  of  the  CNR  and  the  .\r.C.  .ami 
the  Research  Corporation. 

t Now  at  Camp  F.v.ans  Signal  Labs,  Hrlmar,  .New  Jersey. 

J Now  at  Westinghouse  .Atomic  Power  Disision,  Beilis  Field. 
Pittsburgh,  Pennsylvania. 


.\n  elect romagnet  in  the  cyclotron  room  (see  I'ig.  11 
is  designnl  to  t’oen.s  the  cyclotron  Ix’am  on  to  an  ad- 
justable slit  loealetl  in  the  IS  in.  high  w;iier  tank 
which  forms  part  of  the  shielding  wall.  .Simr  the  eyt  lo 
troll  beam  has  no  well-delined  .source,  ;t  single  magnet 
cannot  well  he  used  for  lixiising  and  for  precise  energy 
.inalysis  of  the  hc.im.  By  using  sejiaratc  focusing  and 
analyzing  magnets,  it  is  jxissihle  to  remove  this  limita- 
tion. .At  the  same  time  the  focusing  magnet  increase's  the 
distance  between  the  cyclotron  and  target  and  etiahles 
better  shielding  of  the  counting  area  from  ihe  < yclolron 
hackgroiind  radiation. 

.\  slit  loc.ited  at  the  i’cmmI  po'p.t  of  the  ftx  using 
nntgnet.  serves  ;is  an  efTeciivc  source  fc'r  the  beam  ana 
lyzing  magnet.  The  slit  is  1 in.  high  and  formed  from 
2 pieces  of  J-in.  thick  tantahim  with  carefully  machined 
edges.  I'rom  a (xisition  in  the  scattering  laboratory 
(without  breaking  the  vacuum)  its  width  m:ty  he  ad- 
justetl  to  within  ±1  mil.  Mcxliticsl  Helmholtz  coils 
along  the  duel  in  front  of  the  focusing  inagnet  are  used 
to  raise  ami  lower  the  cyclotron  beam. 

The  second  nnignet  is  used  for  energy  :in;ily>is.  iT  is 
placed  in  the  scattering  laboratory  close  to  the  shielding 
wall  and  pnxhircs  an  image  of  the  adjustable  slit  at  a 
jxdnt  near  the  center  of  the  room.  This  magnet  was 
calibrated  by  using  alpha-particles  from  polonium. 
The  magnetic  field  strength  in  the  gap  was  measured 
by  a proton  magnetic  resonance  detector.  The  Up 
value  used  for  the  polonium  alpha-particles  was  .S..3159 
±0.0007X10‘  gauss-cm  as  reported  by  A’an  Patter 
e!  Ill'-,  this  corresponds  to  an  energv  of  5.298±0.(X)2 
Nfev. 

Two  sets  of  adjustable  stoj>s  are  used  to  -lefine  the 
beam  in  angular  spread.  The  first  is  placed  in  front  of 
the  {x)le  tips  of  the  focusing  magnet  and  allows  ;t  maxi- 
mum total  spread  of  10  degrees.  'I'hc  second  is  placed 
in  frof.t  of  the  pole  lips  of  the  beam  analyzing  magnet, 
allowing  a maximum  total  beam  sprc.i'l  of  8 degrees. 

' Van  Palter,  Spcrdulo,  Huang.  Straight,  and  Bucchner,  Phys. 
Rev.  81.  233  (1951). 
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To  facilitate  tuninjt  tlif  cydoiron.  insulatetl  <lro{> 
probe's  nr  beam  ratrhin>j  plaies  ronnecteHl  to  remote 
nicroammeters  are  locatcfl  at  til  the  'vdotron  exit 
port  fa  clrop  |)roI)c).  (2)  iust  in  front  of  the  focusiiit: 
magnet  ftop  and  bottom  plates),  (3)  behind  the  focusing 
magnet  fa  drop  probe),  (4i  at  the  adjustable  slit  (top, 
bottom,  right,  and  left  plates),  and  (5)  in  the  scattering 
chamber  (top  and  bottom  plates). 

.\  bra.ss  plate  with  a milled  slit  in.X  1 in.  is  located 
at  the  focal  point  of  the  beam  analyzer.  The  target 
is  placed  Ij  i:i.  beyond  this  slit.  Since  the  targets  used 
are  very  thin  foils  most  of  the  beam  pa.s.s*'s  thn'Ugh 
and  is  collecterl  in  a Faraday  cup  placed  eight  inches 
fiom  the  target.  This  cup  is  connecterl  by  means  of  a 
IX)lyethylene  insulated  coaxial  cable  to  either  a current 
integrator  or  a microammeter.  Hearn  currents  of  1.0 
microamjjcres  for  continuous  operation  can  be  obtained. 
Under  these  conditions  the  cyclotron  beam  current  to 
the  drop  probe  at  the  cyclotron  exit  jxtrt  is  120  micro- 
am}>eres  and  that  to  the  probe  behind  tbe  focusing 
magnet  is  40  microami>eres. 

REACTION  PARTICLE  ANALYSIS 

third  magnet  was  constructerl  to  mc.usure  the 
energies  of  the  charge<l  particles  emitte<l  from  tiie 
target.  It  is  mountetl  on  a rotatable  carriage;  a sylphon 
coupling  is  arrangetl  Ix'tween  the  scattering  chamber 
exit  ports  and  the  reaction  analyzer  vacuum  duct 
system  so  that  studies  can  be  made  at  a (ontinuous 
range  of  scattering  angles  up  to  within  30  degrees  of 
the  normal  tenter  line  of  the  incident  beam.  .\  set  of 
adjustable  stops  defines  the  total  angular  spread  of  tbe 
emerging  particles  up  to  a maximum  of  10  degrees. 

SCATTERING  CHAMBER  DESIGN 

.\  plan  view  of  the  scattering  cliamlter  is  shown  in 
Fig.  2.  This  chamber  was  formed  of  |-in.  aluminum 
(alloy  61 -ST)  by  rolling  from  a 6-in.  wide  strip.  .After 
robing  into  a ring  of  14j-in.  i.d.,  the  joint  w;ls  arc- 
weldetl  ill  an  argon  atmosphere.  Machining  of  gasket 
groves  and  jxirts  was  done  after  this  welding  operation. 
Top  and  bottom  plates  of  J-in.  aluminum  (alloy  61 -ST) 
were  pinnetl  in  position  by  one  small  blind  steel  pin  each. 

The  target  holder  is  mounted  on  the  top  of  a brass 
tube  which  is  hKate<l  on  the  axis  of  the  .scattering 
chamber.  The  target  foils  are  mounted  between  two 
small  rectangular  frames  which  are  bolted  together 
thus  clamping  the  foil  along  its  four  edges.  Three  of 
these  foil  mounts  can  be  placed  in  the  target  holder 
at  one  time,  one  above  the  other.  .An  O-ring  seal  around 
the  brass  supjxirting  tube  jxirmits  any  one  of  the  three 
to  be  place*!  in  the  beam  without  disturbing  the 
vacuum.  Provision  is  also  made  for  heating  the  targets 
in  place  to  minimize  the  formation  of  carbon  deposits 
on  the  targets.  .A  Faraday  cup  is  placed  in  the  zero 
degree  jx)rt  and  intercepts  the  beam  passing  through 
the  target.  .A  J-in.  long  cylindrical  insulatcrl  guard  ring 
is  placed  in  front  of  the  Faraday  cnp. 


The  slit  which  defines  the  energy  spread  of  the  beam 
incident  on  the  target  is  rigidly  attachcrl  to  the  scatter- 
ing chamber;  the  slit  system  defining  the  angular 
spread  of  the  emergent  piarticle  beam  can  be  pivoted 
Fiori/.ontally  about  the  center  of  the  chamber.  The 
solid  angle  interceptcxl  by  the  )iarticle  analyzing  magnet 
is  oeterniinetl  by  a single  slit  located  in  this  emergent 
particle  slit  system. 

MAGNET  DESIGN 

'I'lie  three  magnets  were  designed  to  prtxiuce  fields 
large  enough  to  f(x:us  16-Mev  deuterons  or  32-Mev 
alpha-particles.  Tbe  IIi>  value  for  either  of  these  two 
particles  is  810  /t  gauss-cm.  If  one  chooses  a nominal 
'.  alue  of  13,000  gauss  for  the  magnetic  field,  the  r.idius 
of  curvature  is  62.5  cm.  The  energy  tlispersion  for  8-Mev 
protons  is  0.320  Mev  inch.  .An  energx'  spread  of  ±0.010 
Mev  for  8-Mev  protons  is  thus  obtaincfl  with  A"'”- 
analyzing  slits. 

Design  of  the  magnet  was  conserxative  in  anticipa- 
tion of  possible  increased  cyclotron  beam  energ>'.  .As  a 
result,  the  magnetic  fields  of  the  com))leted  magnets 
are  relatively  linear  with  current  up  to  16,000  gauss 
and  a held  of  18,0tK)  gauss  can  easily  be  achiex'ed. 

Mainly  for  shielding  reasons  the  target  jxisition  was 
chosen  to  be  about  31  feet  from  the  cyclotron  exit  jxirt. 
The  architectiin-  then  dictated  that  tbe  .straight  line 
tlistance  between  source  and  image  be  I '20  in.  for  the 
focusing  magnet  and  155  in.  for  the  beam  analyzer. 
The  resultant  deflection  angles  are  14  degrees  for  the 
median  ray  through  tbe  focusing  magnet  and  40  degrees 
for  the  median  ray  through  the  beam  analyzer.  The 
.straight  line  *listancc  between  source  and  image  for  the 
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I cat  lion  par'iidc  an.tly/.cr  u.is  dinscn  tc  he  S2  in.,  if  il 
were  larger  the  magnet  could  not  he  rotated  about  the 
target  in  the  scattering  room.  Its  median  '•jiy  is  de- 
tlectitl  through  W)  degrees  The  magnets  were  designed 
iti  accomntodate  the  normal  Itidcgrcc  tot.d  angnlar 
^|)read  of  the  cyclotron  hcam. 

The  magnet  yokes  are  ('  tyi)e.  with  rci  tangtd.ir  cross 
section,  dame  cut  from  the  appropriate  thickness  of 
annealed  S.AK  It)  20  steel.  The  faces  of  the  C‘  yokes 
were  machined  parallel  to  :i-2  mils.  Sc\-eti-inch  [toie 
p'cees,  coil  core.s,  are  bolted  to  thc*se  machined  faces. 
To  tht“se  |K)le  piece's  arc  bolted  I -inch  thick  iron  sings 
having  a shape  and  intcrmcrliatc  bctwcH'n  that  of 
the  |K)le  pieces  and  that  of  the  sector  sha|>ed  [xile  tips 
which  are  also  1-in.  thick.  These  ititermcdiate  slugs 
are  made  with  rounded  cortiers  in  order  that  vacuum 
seals  may  be  .nadc  to  them.  'I'hc  magtict  air  gaps  were 
chosen  as  I in.,  which  is  a compromise  between  the  thick- 
ness of  the  emergent  cyclotron  beam  and  the  power 
retjuirements  of  the  magnets. 

The  focusing  magnet  consists  of  2(M  turns,  with  5 
tons  of  ii(jn  and  W)7  ix)unds  of  coiiper.  The  beam  atia- 
ly/.ing  magnet  and  reaction  particle  analy/,ing  magnet 
ha\e  .TH48  turns  with  6 tons  of  irott  arid  i-Kjunds  of 
copjHT.  These  two  attalyzir.g  magnets  are  similar  c.x- 
ccDt  for  the  shai)c  of  the  intermediate  slugs  and  pole 
tips. 

The  coils  are  wound  with  cop|H'r  strap  J iti.  wide  by 
bO  mils  thick  which  includes  a lO-mil  thickness  of  sili 
cone-varnish  impregnated  glass  itisulatiot).  .Sub-coils 
are  first  wound  to  produce  a coil  J-in.  wide  and  7.5  turns 
ileep.  I’airs  of  these  sub-coils  are  assembled  side  by  side 
such  that  their  windings  are  in  opjxisite  directions.  The 
inner  turns  are  soldereo  together.  The  coil-pairs  are 
then  sandwiched  between  I'^  in.  thick  cop|K'r  disks 
and  the  outer  turns  of  adj.acent  coil-pairs  are  soldered 
together.  Water  ccxding  is  accomplishe<l  by  soldering 
cop|H'r  tubing  to  the  outer  rims  of  the  cop|x>r  disks. 

TRIMMING  OF  THE  POLE  TIPS 

'I'wo  problems  arise  in  the  positioning  of  the  jxile  tips 
relative  to  the  magnet  slugs  and  voke.  hirst,  reposition- 
ing the  tips  on  the  intermediate  slugs,  and  second,  ob- 
taining a constant  reproilucible  gnj)  width.  The  |x)sition- 


Fic.  3.  Magnci  tnmming  arrangcmcm.  Plan  view  of  a polc- 
lip  of  the  beam  analyzing  magnei  .show  ing  the  source  and  detector 
slits  and  the  sliding  aperture. 


uig  relative  to  tiie  intermeiliatc  slugs  was  ai.i omplisheil 
by  dowel  pinning  the  tips  to  the  slugs  at  two  points. 

Ill  order  to  insure  a < onstant,  rcprixlucilile  gap  widtli. 
tlse  jaws  of  the  yoke  were  j.ickc'd  ajtart  and  stainles-- 
■dcel  |MT!)t.inenl  sp.uers  were  inserted  between  tin- 
intero  c'iliale  slugs  at  4 pi>ints.  hour  im  lined  plane  jacks 
were  pl.iccsl  in  each  air  gap  to  hold  the  pole  tips  against 
the  intermediate  slugs.  '1  he  air  gaps  are  reprotlucibie  to 
w ithin  .5  parts  in  HP. 

In  designing  the  three  magnets  account  was  taken  of 
I’trst-ordcr  deviations  from  optimum  fcKUS  due  to  the 
fringing  ftehl  of  the  sectors,  'fhe  ntethod  is  an  c.xtension 
of  the  work  done  f>y  Coggeshall-  and  by  Roters.’ 
.Second  order  deviations  were  rorrecteci  empirically 
f)V  ascertaining  the  magnetic  field  necessary  for  focusing 
monoenergctic  particles  through  various  arc  segments 
of  tlie  air  gap  and  removing  iron  from  the  tips  where 
neccss;iry.  The  empirical  cutting  ])rocc<lurc  for  the  beam 
analyzing  magnet  and  the  reaction  particle  analyzing 
magnet  are  similar,  and  hence,  only  the  procedure  for 
the  bean;  analyzing  magnet  will  f)c  disciis.sed. 

Two  slits  (iV.  in.  wide  and  1 in.  high)  were  ])laced  at 
the  appro.ximate  source  and  image  |X)sition  of  the 
magnet.  .\  ])olonium  al))ha-source  was  ))lared  in  front 
of  the  input  slit.  Behind  the  detector  slit  was  placetl 
an  RC.\-58H)  photomultiplier  tube  with  a scintillation 
screen  of  zinc  sulfide  mountevl  on  a Lucitc  light  ))i)>e. 
.Ml  of  the  magnet  ga))  was  blockeif  to  the  ))ass;ige  of 
al|)ha  partii  les  exce)>t  for  a .J-in.  window  which  could 
be  movcxl  laterally  across  tiie  magnet  gap  in  .>-in.  steps, 
(see  l-’ig.  ,\t  eac  h stc])  the  counting  rate  was  deter- 
mined as  a function  of  the  magnetic  field.  From  these 
data  one  can  determine  the  magnetic  field  value,  cx- 
pressevl  in  terms  of  the  jiroioii  resonance  frequency, 
which  is  necessary  to  focus  the  monoenergetic  jx)lonium 
alpha-particle's  at  each  ^-in.  step.  Such  a curve  is  shown 
in  Fig.  4 marked  original.”  .\n  arbitrarv-  frequency 
/o,  which  was  higher  than  any  of  the  observed  fre- 
quencies, 'vas  chosen  (in  this  example  /o=2I.7(X) 
me  sec).  ;\s  a first  apjiro.ximation  for  determining  the 
amount  of  material  to  he  removed  at  each  jwint  along 
the  |x»lc  tips,  the  expression  A/  7==  (/,,— /„ai)  Yo  was 
used,  where  A/  is  the  material  to  be  removed  and  / is 
the  particle  path  length  in  the  magnetic  field,  'fhis 
meth<xl  of  calculating  the  amount  of  material  to  be 
removed  from  the  edges  of  the  jx)le  tips  is  conservative. 
■After  the  first  few  cuts,  however,  a correlation  ap|)cared 
between  the  amount  of  material  removed  from  a definite 
|x)sition  and  the  improvement  in  focusing  at  the  same 
jvoint.  'I'his  empirical  correlation  is  uschI  to  guide  the 
subsequent  cuts.  Cutting  was  stop|K'd  when  the  maxi- 
mum deviation  in  relative  fix'iisir.g  of  the  monoenergetic 
alpha-jiart leu's  at  the  vnrion.-;  segment  ix)siiions  fell 
within  the  error  eansed  by  failure  to  reimxliue  the  gaji 
width.  .After  the  tinal  cut,  the  meximuir.  deviation 

» X.  I).  Coggrehall,  J.  Appl.  Phys.  18,  8SS  (1947). 

’H.  C.  Rolers,  FJectromafnttU  Ort-ices  (John  Wiley  4 Sons 
tpc.,  New  York,  1941). 
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from  the  mv.in  of  ilu‘  proton  rcsonntuc  irt‘f|Ufncv  for 
nt  (M(  h point  was  !c>s  than  5 parts  in  10,<KK). 

To  (Ir'tcrmine  the  di^pi-rsiv!’  |H)Wcr  of  the  nia^tict, 
the  target  slit  was  replaced  by  two  ,*ff-in.  slits  se[>arate«l 
1 i,i.  in  the  inia^e  plane.  curve  of  particle  count  -,mns 
r)iai»iietie  lie'.d  with  full  tnaonet  a[)crturc  ”ave  a \m1uc 
for  the  dispersive  power,  for  5.2hS-.\Iev  atpha-[)arti<  les. 
of  0.192  Mr>  in.  l.ine  sha[)cs  usiii)'  the  ix)Ioniimi  s(»uree 
were  taken  with  full  a[K-rtiire  todetrnnine  the  resolving 
power  of  the  maj»ne.s.  .\  \‘alue  of  the  order  of  otie  part 
in  X50  of  moment  uni  was  found  after  rorreetions  ha<l 
been  made  for  source  thickness. 

The  beam  foaisiiiR  maj'net  in  the  cych'tron  room  was 
also  trimmed  empirically.  'I'he  cyclotron  beam  was  use^l 
as  a source  while  a l-'araday  dtp  behind  the  adjustable 
slit  was  used  as  a beam  collector.  The  beam  intensity 
w.is  measurcxl  with  a galvanometer.  The  data  for  final 
trimming  were  obtaine<l  using  the  beam  analyzing 
magnet  set  to  ftn  us  < yclotron  protons  at  ap[)ro.\imately 
the  meilian  energy  of  the  cyclotron  sfieetrurn.  The 
criterion  for  rutting  was  then  dict.ated  by  the  condition 
that  the  maxiinum  number  of  [i.irticles  of  the  selected 
energy  range  be  focused  into  the  scattering  thaniber. 

.\fter  the  magnets  had  been  trimmed  and  |x)sitioned 
for  a sr  attering  e\|ieriment.  repeated  calihratioti  thecks 
were  made.  If  air  had  not  been  admitterl  to  the  system 
between  (alihration  runs,  the  probable  error  in  re- 
[ircxlucing  the  calibration  constant  was  4 (larts  in  10*. 
However,  over  a 4-nionth  |M“rio(l,  the  .system  was  down 
to  air  many  times  for  checks  and  adjustments.  Tl* 
[irobable  error  in  rejmxlucing  the  calibration  constant 
over  this  |X‘ricxt  rose  to  4 parts  in  10’.  It  is  believed  that 
this  failure  to  reimuhtte  the  calibration  constant  is 
due  to  small  geometrical  shifts  in  ihe  system  when  the 
system  is  being  either  [)um|K'd  down  to  vacuum  or 
o|x-n<-d  to  air.  To  correct  for  these  uncertainties,  it  is 
planned  to  place  a remotcl*'  controlled  jxilonium  line 
sourc  eat  the  adjustable  slit  and  one  at  the  target  holder 
|x.Tmitting  a check  on  the  calibration  constants  at  any 
time  during  the  ex[H'riment. 

DETECTION  AND  COUNTING  ARRANGEMENT 

The  cletector  acloptc-cl  is  a scintiilation  screen  and 
photomultiplier  tube  mounted  outside  the  vacuum 
system.  .\  t).()5-mil  nickel  foil  is  cemented  to  the  back 
of  the  cletector  slit  as  a \acuum  seal.  The  photomulti- 
plier tube  (KMI  tv|>c  5.111)  is  encased  in  an  aluminum 
tubing  light  shield  such  that  it  can  be  .'uliusted  in  jxisi- 
tion  axially  and  brought  as  close  as  is  [iractical  to  the 
nickel  window.  .\  /.inc  sulfide  screen  is  deposited  on  a 
piece  of  a glass  lau'ern  slide  fl  in. XI  in.)  by  settling 
from  an  alcohol-water  su.spensior,.  This  scn'cii  is  taped 
to  the  photosiirfac  e part  of  the  lube  whh  Scotch  cello- 
phane tape.  .\  small  amount  of  mirroscc)[)e  immersion 
oil  i.;  j-.lavecl  hetween  the  tube  iaic-  and  the  glass  plate 
so  that  gocxl  optic. il  contact  is  obtained. 

Zinc  siilficle  was  chosen  for  the-  scintillation  screen 
for  several  reasons.  'I'he  ellic  iu.cy  of  a thin  ZnS  screen 
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Fic.  4.  Plot  of  the  magnetic  field  neceisaiy  to  fcxrus  Po  alpha- 
particles  at  l in.  o()cnings  alottg  the  ))ole  tip  edge.  The  bottom 
curve  W.-IS  taken  prior  to  trimmitig.  The  top  curve  reprcsent-s  the 
second  of  a scries  ol  cuts. 


for  gamin.i-rav  and  neutron  hackground  racliation  is 
small  as  compared  to  other  crystals  chet  ked.  It  was 
also  found  that  fur  an  appropriate  thic  kness  of  ZnS, 
the  pulse  height  distrihiilion  for  c hargc'cl  particles  is 
approximately  incle|H*tident  of  energy  ctver  a wide 
range.  Thus,  it  is  not  necessary  to  coiitinuallv  change 
the  l)ias  settings  of  the  input  diseriminator.s  to  the 
scaling  circuits  as  particles  of  different  cnergic*s  ate 
countecl. 

By  using  an  KM!  5.111  photomultiplier  tube,  and 
with  |x>ic>nium  alpha-part iclt's  incident  on  a ZnS  .sc  reen, 
forty-volt  pubes  of  narrc'w  half-width  are  obtainable 
with  a gocxl  signal  to  noise  ratio.  The  jtulses  from  the 
[)hotc>multi])lier  collec  tor  are  fed  into  a cathcxle  follower 
consisting  of  :i  parallel  connected  double  iriocle  (12 
BI17\  whicli  is  nec-c*ssary  to  drive  iitc  eighty-foot 
length  of  R(>7  r coaxial  c;i)>ie  that  conducts  the  ])ulscs 
to  the  eounthig  system.  This  cable  is  terminateci  with 
a KKI-ohm  resistor  in  order  to  minimize  reflections. 
The  terminatc'l  cable  is  connected  to  the  in,/ut  of  a 
Jordan  ancl  Bel!  linear  amplifier*  mcxlified  to  have  a 
faster  rise-time  at  the  exiicnse  of  gain.  Output  pulses 
from  this  am])lifier  are  inserted  into  the  input  discri- 
minator of  :i  scaling  circuit.  'Phis  consists  of  one  .Model 
lO.H  ancl  one  M odd  HW  decade  ccmntiiig  strip§  ancl  a 
Veecler  Rcxit  mechanietd  register. 

.\  remotely  controlled  swinging  gate  is  included  in 
the  vacuum  system  of  the  reaction  particle  magnet  so 
that  all  particles  from  the  scattering  chamber  can  be 
intercepted.  'I'his  is  helpful  in  determining  the  countable 
background  due  to  gamma-ray  ancl  neutron  duxes  in 
the  scattering  laboratory.  .M.so  included  is  a lemotely 
controllcci  {loloiiium  alpha-partic  le  source  which  can  be 
swung  in  front  of  the  detector  slit.  'I'his  is  convenient 
for  adjusting  the  photonmliiplier  tube  voltage  e.itcl  the- 
amplifier  gain,  ancl  c-nable-;  coiiiiting  ,'on<lilic>t‘.'<  to  be 

•\\.  H Jordan  and  P R.  Bril.  Rev.  Sci.  Instr.  18,  7Qi  (1947'. 

{ Atomic  Insiru.'nrr.t  Comnany,  Boston,  Ma.ssachusetts. 
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reproduced  from  day  t<>  day.  It  i;>  aUo  of  .Mime  value 
in  identifyin^r  the  type;-  of  particles  heing  counted. 

Identification  of  reaction  produt  t'c  in  ;^oneral,  alpha- 
particles  and  protons  is  made  hy  means  of  aluniinuni 
foils.  Since  protons  anti  alpha-partit les  of  the  same 
energy  are  focused  h\  the  same  magnetic  held,  dif- 
ferentiation is  accomplished  hy  using  the  tlifference  in 
sju'cific  ionization  of  the  two  particles.  Tor  a certai'i 
thickness  of  absorber,  alpha-particles  will  he  sioiipcd 
while  protons  of  the  same  initial  energ\’  will  pass 
through  at  reduced  energy.  .\  remotely  controlled  foil 
injector  s\'stcm  is  mounted  directly  preceding  the 
detector  slit  in  the  duct  system  of  the  particle  analyzing 
magnet.  In  addition  to  the  foils  used  for  distinguishing 
proton  and  alpha-particles,  a second  set  of  foils  is  used 
to  decrease  the  energy  of  the  particles  from  a fi.ved 
energy  proton  resonance  level-  in  general,  the  clastic 
.scattering  [>eak — in  known  energy  decrements.  This 
process  gives  a rough  measurement  of  the  efficiency  of 
the  scintillating  material  as  a function  of  energ)-. 

In  an  attempt  to  re<hicc  background  radiation  re- 
sulting when  the  beam  of  8-Mev  protons  strikes  the 
angular  collimators,  target  slits,  and  Faraday  cup, 
various  high  atomic  number  materials  were  tested  to 
determine  their  activities  relative  to  the  prc>setit  colli- 
mating materials—  namely,  brass  and  aluminum.  The 
acti\-ities  for  tantalum  and  tungsten  were  approxi- 
mately + the  activity  of  brass  for  the  same  number  of 
incident  particles;  the  acti\  ity  for  molybdenum  was  ' 
that  for  brass.  It  is  planned  to  co\’er  all  areas  e.xpo.scd  to 
the  beam  in  the  s<-attcring  laboratory  with  tantalum. 

Integration  of  the  beam  current  is  accomplished  by 
connecting  the  Faraday  cup  to  a pre-chargcxl  condenser 
.liid  obserx-ing  the  discharge  with  a (juartz.  fiber  ejuand- 
rant  electrometer  made  by  tin  Cambridge  insirument 


FlO.  5.  Oscilloscoiic  pittcrn  showing  the  proton  al<sorption 
signal  on  the  lower  trace  and  on  the  upper  trace,  the  Iicat  signal 
between  a frequency  mder  and  the  magnetic  resonance  oscillator 
frequency. 


t ompaiiv.  ,\  bank  of  polystyrene-insulated  co:idc;vser> 
‘."ith  .a  capacity  of  one  microfarad  and  charged  to  a 
potential  of  10  volts  is  used.  The  electrometer  is  used 
as  a null  indicator.  With  a typical  beam  cirrcnt  of  i).5 
mi(roam|)Crc  collected  by  the  Faraday  cuj)  a ■.  ounting 
interval  consists  of  a twenty-second  [K*ri«xl  in  wliich 
10  micnx oulomhs  of  charge  are  transferred.  The  rela- 
tive .acturacy  in  beam  current  integration  under  these 
conditions  is  of  the  order  of  one  part  in  500.  .\n  auto- 
matically oi>erating  electronic  current  integrator  has 
just  lxa*n  (levelo|Xxl  to  replace  the  manually  o|x;rated 
integrator. 

MAGNETIC  FIELD  MEASUREMENTS 

.Magnetic  fichi  mea.'-urements  arc  made  by  measuring 
at  resonance  the  freejuency  f of  a proton  magnetic 
resonance  oscillator  whose  absorption  signal  width  at 
half-maximum  is  f).5  gauss.  Tiiis  fretpiencv  is  related 
to  the  magnetic  fiehl  />  i)v 

Ii=2rjy,  (1) 

where  y is  the  nuclear  gyromagiietic  ratio. 

The  radiofrequenty  oscillator  is  somewhat  similar 
to  that  used  hy  Pound  and  Knight.‘ The  audiofrequency 
component  of  the  oscillator  output  is  detected  by  a 
dhxlc  rectifier,  amplified  by  a high  gain  audio-amplifier, 
•I'd  fell  ton  coaxial  cable.  In  the  control  nxim  tlie  signal 
from  the  cable  is  furtlier  amplified  and  injected  into 
an  electronic  switch. 

In  the  same  chassis  with  the  oscillator  is  an  anode 
follower  which  feeds  a small  portion  of  the  radiofre- 
([uency  output  of  the  oscillator  through  another  coaxial 
cable  to  a freejuenev  meter  in  tlie  control  room.  It  also 
serves  to  isolate  the  pnrton  absorption  signal  channel 
from  the  audio  heat  note  of  the  frequency  meter. 

The  electronic  switch  drives  an  oscilloscojH.*  which 
displays  two  traces  simultaneously  (see  Fig.  5).  The 
top  trace  displays  the  Ixrat  frequency  output  of  the 
frequency  meter  while  the  bottom  trace  displays  the 
absoiqjtion  signal. 

DATA  TAKING  AND  PERFORMANCE 

The  chain  of  operations  followed  in  order  to  obtain 
an  accurately  known  magnetic  field  is  as  follows.  The 
frequency  meter  is  tuned  to  an  appropriate  sub- 
harmonic  of  the  frcqucnc)’  / given  hy  the  relationship 
(K({.  lb  The  remote scisyn  dial  connected  to  the  tuning 
condenser  of  the  magnetic  resonance  oscillator  is  tuned 
until  a zero  beat  frequency  appears  on  the  top  trace  of 
the  oscilloscojie  pattern.  Finallj-,  the  magnetic  field  is 
varicil  l.-y  changing  the  magnet  current  until  the  .ib- 
sorption  signal  appear;,  on  the  lower  trace.  By  using  the 
zero  heat  displayed,  fretjuencies  lan  he  measured  to 
within  1 part  in  .'O.OOO;  the  magnetic  fiel'.I  can  bo  set. 
using  the  center  of  the  absorption  [x*ak,  to  within  -F  O.I 
gauss. 

• R.  V.  Pound  and  \V.  D.  Knight,  Xcv.  Sci.  Instr.  21,  219  (1950). 
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in.ijjnciK  iu.ui>  arc  m il  i 1 1 iii-i.ini  m nr.  iit  niaii  i 
part  in  5(),(XX)  by  dtctronii  c urrent  rc;^u!at()rM.  I\>M-nti 
aliy  the  opera tior,  ( onsi<ts  of  a compari-on.  i>y  means  of 
a Hrown  vilirator.  of  an  adjustable  |>otential  \'itli  a 
sample  Miltaite  taken  from  a rnani'anin  ri‘'i-tor  in  tlie 
rmiKnet  ‘ irn:it.  The  (tiffereme  i-  amplified  and  pliasr 
detected  for  use  in  controliiiij'  the  field  exiitation  of  a 
5(X)-\vatt  amplidyne  wbieh  in  turn  supplies  the  e\- 
citation  for  a 5-k\v  ger.erator  supplyiii"  the  magnet 
current. 

The  ener)')'  increments  used  in  surveyniK  the  energy 
levels  of  a particular  nucleus  are  determined  primarily 
by  the  energy  spread  of  the  incident  beam.  In  general 
with  A-in.  slits  for  the  energv'  analyzing  magnet  which 
defines  the  energy  as  8 r. 0.010  Mev.  the  magnetic  held 
i;f  the  reaction  particle  magnet  i«  changed  in  0.010  Mev 
steps.  The  time  necessary  for  a survey  run  may  amount 
to  .5f)  hours  of  continuous  running.  Throughout  the 
run,  the  magnetic  field  of  the  beam  analyzing  magnet 
remains  fixc<i  to  within  _r().l  gauss.  0\er  the  total 
running  period  only  minor  adjustments  need  be  made 
on  the  tuning  of  the  cyclotron  permitting  continuous 
currents  of  the  order  of  1.0  niicroami>eres  to  be  tnain- 
tained  with  a total  variation  in  beam  intensi'y  of  .*  10 
])ercent. 

To  date  the  energy  levels  of  .\1,  Xi.  .Au,  Hi,  (!u,  (* 
have  been  surx'eyed.  .Nickel  and  copper  targets  ha%'e 
been  generously  supplied  by  the  (‘hromiiim  Corporation 
of  .America,  Waterbura-,  ('oiincv  tic  ut.  .A  typical  .survey 
run  is  shown  in  Fig.  (>.  .A  thin  target  0)  6.S  micron)  of 
naturally  occurring  copper  was  bonbardc-d  with  S-Mev 
protons  having  an  energy  spread  of  .L 0.010  Mev  ami 
the  reaction  prcxlucts  observed  at  ‘X)  degrees  to  the 
incident  beam.  The  angular  spreacl  of  the  incident 
beam  was  L.l  degrees;  of  the  outgoing  lieatn,  -*.-2 
degrees.  I’eaks  a,  b,  and  d of  the  Cu  s[X'Ctrum  are  the 
elastic  peaks  of  copper, oxygen, and  carbon,  res|XTtively. 
However,  the  overlap  seen  on  peak  d is  probably  due 
to  a superjxisition  of  the  0.W>-Mev  energy  level  of 
Cu**  and  the  carbon  elastic  [x;ak.  Peaks  i and  r have 
i)ccn  tentatively  assigiced  to  the  1.89-Mev  level  and 
the  2.60-Mev  level  of  Cu*’,  rc’spectively.  .A  tentative 
assignment  of  [x*ak  r to  the  1.12-Mcv  level  of  Cid* 
and  |X‘ak  to  the  1.49-Mev  level  of  Cn“  can  abo  be 
made. 

F-xcept  for  |X‘aks  r and  t of  the  Cu  spectrum,  it  can 
Ix;  seen  tiiat  peaks  a through  c are  resolved  sufikiently 
so  that  energy  levels  could  be  assigned.  However,  mcist 
of  the  proton  peaks  of  energx'  less  than  4.0  Mev 
are  not  sufficiently  resolved  by  our  apparatus  at  present 
to  permit  an  accurate  assignment  of  levels.  The  com- 
plexity of  the  spectra  from  nuclei  with  ma's  number 
neai  Cu  i'  approaching  the  limit  of  re.soiution  of  our 
apparatus.  I'or  the  cop[XT  run.  counting  intervals 
were  averaging  a minute  per  experiment.il  |x)int  using 
,'fi-in.  detector  and  source  slits  ami  Inning  beam  cur- 
rents on  the  order  of  0.7  microampere. 

it  is  believed  that  a 'gnit'icant  lncrea.se  In  the  ix*;rk- 
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6.  .Spccir.a  of  charRcil  p, articles  rmilled  from  cop[x:r  at  UO*. 

plot  of  ihr  counrs  per  40  micro  coiilomlis  of  8 Mev  prolons 
through  the  lai-gc!  xrnus  sc.iiler«f  particle  energy. 

to-bacl ground  intensity  ratio  can  be  obtainerl  by  using 
tant.iluin  as  a beam  stojiping  material  in  the  counting 
laboratory  to  reduce  background  r.aiiiation.  Also,  the 
resolution  of  the  system  can  be  increased  by  decreasing 
the  angular  and  energy  spreads  of  the  incident  beam. 
Tliis  would  mean  longer  running  times  due  to  the  de- 
crease in  iieam  intensity 

CONCLUSION 

Tlie  scattering  apparatus  represents  a tlexible  cx- 
IX'rlmental  tool  for  extending  nuclear  measurement.s 
of  \’an  lie  (iraaf  precision  to  the  region  of  mcriium 
energies.  With  this  equipment  experiments  can  be 
jierfornicd  under  clean  observational  conditions  of  tow 
b.ackground.jirccisc  control  of  energy  and  cnergyspread, 
and  goixl  collimation.  .Angular  correlation  studies  arc 
pl.iniml. 

Tlie  antbor''  wi^li  In  lb. ink  Dr.  D.ivtd  Halliday,  Dr. 
borne  .\.  1‘age.  and  Mr.  Cl.iyton  J.  McDole,  who  helped 
in  the  e.irly  si.igcs  of  development.  They  are  also  in- 
dehteti  to  Mr.  Robert  F.  Weise.  Mr.  )ohn  b'.  Kane,  and 
Mr.  F.ugenc  M.  Perkins  for  their  help  in  the  design  and 
development  stages  of  the  project. 
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The  Quenching  of  Orfho-PoEiuoni’im  Decay 
by  a Magnetic  Field* 
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WK  lull-  niiMi-iicvd  llie  ijiiciu ot  three  'lU.iMiiim  ;imh 
hil.itinn.  from  pniiitriir.'min  hy  .i  ni.iciu-tie  I’lelil.'  Thiiettect 
has  hroM  (Icleeted  hy  Deulseh  ami  Dual’  and  h>  I’lm  l and  Diekr 
uiing  dt:Tereni  nictluKls.  rosiiniMimn  was  formed  in  SI'i  );:>■:  in  a 
ehamlier  jilaeed  hctween  the  p ilei  o!  a niaqnel.  I hc  positron  soime 
was  ~0()1  ml'  Na*^  on  a /.i|>on  tiiin.  The  deeay  ot  th..  \S:  p->si 
troniiim  was  detei  ted  hy  three  N.il  sei'.itillation  eooiitets  plaeed 
with  their  axes  UO'"  apart  in  the  plane  per|nndicular  to  tl-.e 
maRtietie  held.*  The  hackjtroumi  triple  eoineidenee  rale  was  found 
hy  letliriK  nitrie  oxide  into  the  Ras  chamlK-r.  (ieiier.il'y.  ll.e  haek- 
Rround  was  ahum  ten  penen!  of  the  tola!  triple  co-iieidenee  rale 
The  maRiiet  was  siK-eiallv  desiRiiexI  and  the  .nSIO  pholonnillipliers 
niagnetically  shielded  to  eliminate  m.iRneiie  liehl  ctTeits  on  the 
rounlers.  .\i  a Riven  pressure  we  nieasured  the  rul.o  »t(//i  of  the 
true  triple  eoineidenee  rale  at  the  held  1/  to  that  at  II— 0 

If  one  plots  «(//),  uRainst  (1  — ii  //',  one  should  ohiain  at  low- 
eiioURh  Ras  densities— a siraicht  line  whose-  iniereep'.  is  the  frae- 
tion  of  the  rate  conlrilnited  hy  the  tS';.  mj-^  t 1 sl.iles  \ ly()teal 
experimental  eurve  is  shown  in  Kip.  1 for  a ilensity  of  0.0.s2  R 'em’. 
It  is  elcar  that  the  wi.r=-fcl  slates  su()(ilv  less  than  two-thirds  of 
the  xcro  field  rale.  This  is  in  aRreenieni  with  ealiulalions  hy 
Drislio*  who  finds  that  the  (irohahilily  for  annihilation  from  any 
parlieular  mj  sulislalc  of  the  ’.y,  stale  <le()cti<ls  on  the  anRie  of  the 
plane  of  the  annihilation  with  the  external  f.ehl  In  the  speeial 
ease  corrcsixindinR  to  our  Rrometry,  Drisko  finds  that  the  mj'^O 
state  contributes  one  hali  of  the  zero  field  rale.  All  our  data  are  in 
aRreemcnl  with  this  result. 

If  collisions  are  iRnored,  the  theoretical  expression  for  «(//)  for 
our  Rconieiry  is 

«(//)  "-^  (2-)-aVo)/(2  l-2ij’rc), 

where  ro=  ti.'ti  — 1 120  as  Rtvrn  ihforelically  by  Ore  and  l’owell,‘ 
and  a — 2jjo//  '.iAi  with  .iM  the  ground  stale  splitting  as  determined 
recently  hy  Deulseh  ami  Urown.-'  If  one  includes  the  possibility 
that  collisions  with  gas  atoms  can  cause  transitions  from  7=  1 to 
J (prohahilily  per  unit  lime  k = .V;«r)  and  transitions  in  w hicli 
mj  < iianRes  with  Ay  = 0 (prohahilily  |>er  unit  time  X'-.V.u'). 
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the  siliialioii  ;s  nmre  fonipliraled  * Transitions  of  l);e  latter  i>-jk 
cause  »r(//  to  approach  a high  held  limit  of  less  than  J. 

.\l  high  liilils  ihe  ijUcnchinR  is  relatively  more  sensitive  to  X' 
than  to  X We  found  hy  nicasurinR  «(//»  as  a funelioii  of  gas  density 
at  //  • 7I(X)  gauss  that  <r‘<  5<r.  Thiseonclusion  cle|>ends  on  making 
use  of  a value  of  c rcporied  hv  Siegel  and  Dc  Hcni-dclli*  for  SF» 
(iT*?I0  ‘ cm’'.  Using  this  approximate  limit  for  <r',  we  find  that 
for  //<.U'i00  gauss  ami  for  gas  dcrisilii-s  less  than  0.15  g/em’  the 
effect  of  the  X'  iraiisilions  on  the  i|uem  hii.g  is  negligible  and  that, 
in  fact,  the  iiuenching  is  given  hv  Ki|  (I.i  with  ro  replaced  iiy 
r — ro  If  r r iX:. 

In  order  to  ohiain  an  experiiiienlai  value  tor  rc  and  to  check  u, 
we  make  the  definite  assumption  that  X'  transitions  are  ncgligihic. 
I'or  each  di  nsily  we  then  deierniit.c  the  liesi  value  for  r,  using  only 
data  with  IKMKO  gauss.  Conseipienily,  the  plot  shown  in  Kig.  2 
should  be  linear.  The  prohahlc  crrois  arc  large  because  I/r  is 
relatively  sensitive  to  n;  a one  ix-rccni  change  in  n produces  at 
least  a six  percent  change  in  I r.  The  tnlcrcci>l  and  slope  of  the 
least  squares  line  tilled  to  the  data  give  the  values  of  ra  and  <r. 
Our  procedure  requires  only  that  Siegel  and  I)c  Hencdclti's  value 
of  <r  t)C  correct  as  to  order  to  magnitude,  justifying  neglect  of  the 
X'  transitions;  in  this  sense  only  is  our  value  cf  a independent.  In 
computing  a from  X.  we  have  assumed  the  domiiian  c of  siti^lc 
collisions.  We  find  ro=  I0.5()±  I -10  compared  w ith  Ore  and  Pi  well’s 
theoretical  result  ot  ro-II20,  and  we  find  <r-8X10"“  cm’ 
compand  with  <r“I0'”  cm’  ohiaincti  hy  Sii-gcl  and  I)e  Hcne- 
dclti.* 

•Work  <ionc  in  S^ra!;  Mellon  S<ai(c  KActuiion  l.aboraiory.  Su;>i>Ofi  of 
tise  (>NK  J»CkT;0\\lr(.lgrti. 
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Energy  Levels  in  Light  Nuclei* 

J.  C.  Arthur, t A.  J.  Allkn,  R S Kknokk  H.  J IIacsman.J  anu  C J.  Mrl>ou.§ 

/ 'iiiifrsUy  oj  /'illshiirch,  Piltihurah  13,  1‘cnnsyiiania 
(Kncivcd  July  21.  IV52) 

TarRcls  of  iKTylliuni.  .\\lon,  lead  tIuoruU',  Milfur,  aiul  UacI  MilliiU-  »rrr  iMjmlwrdril  «iil)  S Mrv  proton' 
from  the  t.'nivcr>ity  of  riusluirt;h  t yvlotron.  ICiKTRy  levels  were  ol>scrve<l  in  Be’,  ('  ’,  .N",  O'*.  T'*.  ami 
!)>■  inelastic  scallcrinx  at  150”  from  thin  tarftets  Single  levels  were  assigneil  in  Be*  ami  (i";  Iwo  levels  were 


as.signc<l  in  N";  nine  levels  were  assigneil  in  K'* * * §;  ami 
I.  INTRODUCTION 

The  present  investigation  wa.s  unilertaken  to  look 
for  additional  low-lying  levels  in  some  light 
tuiclci.  Similar  work  has  been  tlone  at  this  lalKiratory  by 
Ely  f/rj/.,'  Kcillcy  <•/»;/.,•  and  Ilaiisman  rf  a/.^ThcS-Slcv 
proton  beam  from  the  '.'niversity  of  Pittsburgh  cyclo- 
tron was  usetl  to  bombard  targets  of  beryllium,  Nylon, 
fluorine,  and  sulfur.  The  incident  and  reaction  particle 
momenta  were  analyzed  magnetically.  Inelastic  scat- 
tering was  used  to  determine  energv-  levels  in  He’,  C*-, 
XH,  {)>•,  and  S’’. 

• Work  done  in  the  Sarah  .Mellon  Scaife  Radiation  LalKiralury 
ami  assisted  l>y  the  joint  program  of  the  ON'R  and  AKC. 

t .Sow  at  Project  Lincoln,  Mas,sachusetts  Institute  of  Tech- 
nology, Camliridge,  Massarhusetts. 

* Now  at  the  Ohio  State  t'r.ivcrsity,  Columhus,  Ohio. 

§ .\IiC  I’reiliKtoral  Fellow. 

' FIv,  .Allen,  .Arthur,  Bender,  Hausman,  and  Keillcy,  I’hys.  Rev. 
H6,  8.S9  (1952). 

• Rcillev,  .Allen,  .Arthur,  Bender,  lily,  and  Hausman,  Phys.  Rev. 
86,  857  (i952). 

’ Hausman,  .Allen.  .Arthur,  He;  der,  and  .McUole,  foIloAing 
paper  [Phys.  Rev.  88,  1296  (1952) J. 


seven  levels  were  assigned  in  S". 

II.  APPARATUS 

The  apjraratus  used  is  esseniialiy  the  same  as  that 
described  i>reviously.*  ‘ It  was  mtxlificd  by  jilacing  the 
detector  inside  the  vai  uitm  system  to  ]xrrmit  the  ob- 
servation of  lower  ettergy  scattered  iwrticlcs.  The  target 
bidder  wa.s  rcmtHlcIcd  to  iirovitle  a means  for  calibration 
of  the  reaction  particle  analyzer  without  losing  the 
vacuum. 

beam  of  8-Mcv  protons  from  the  cyclotron  was 
focuserl  by  a sector  magnet  ittio  a shieldetl  scattering 
room.  Within  the  sc:attering  room  the  incident  beam 
was  analyzerl  magnetically  by  a 40®  sector  magnet  and 
the  spread  in  energy  atljusted  by  a]>propriatc  slits. 
Chirgetl  reaction  irarticles  were  momentum  analyzed 
by  a ' )®  sector  magnet  and  delected  by  a scintillation 
counter  using  a /nS  crystal,  both  anal\/ing  magnels 
were  calibrate*!  with  ]Kilonium  al]iha-particles  using 

* Bender,  Reillcv,  .Allen,  F.ly,  Arthur,  and  Hausman,  Rev.  Sci. 
Inslr.  23,  542  (19.5’'. 

• I'nivcrsiiy  «if  Pittsburgh  Radiation  I-aboratory  Precision 
Srallering  Rqiorl  No.  2,  May  (1952)  (unpublished). 
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//p- A.Al.Syx  gau.^s-nii*.  Magnetic  lidd  strength 
measurements  were  made  witlt  proton  resonance 
detectors.  The  aiialy/ing  magiiets  were  carefully  demag- 
netizeti  before  each  run.  The  incidetu  l)eam  current  was 
integrated  to  70  microconlombs  f.iO  mirrocouloml)S  tor 
one  homhardment)  tor  each  setting  of  tlie  magne* 
which  analyzed  the  scattered  jiarticles.  The  spread  in 
incident  energ>'  was  0.04  Mev  during  the  e.\j)eriinenl 
with  the  beam  incident  j>erpendiculany  on  the  target. 
At  least  two  iwmbardments  of  each  clement  were  ma<le 
using  different  targets  where  ]K)ssible. 

III.  EXPERIMENTAL  PROCEDURE  AND  DISCUSSION 

A.  Be’+ Proton 

beryllium  targets  of  0.2  mg  Vne  and  0 .1  mg  cm-  were 
bombarded  with  protons  and  the  reaction  particles 
studied  at  150®  with  respect  to  the  incident  beam.  Figure 
1 shows  a ])iot  of  the  number  of  counts  ]>er  70  micro- 
coulombs  of  charge  collecled  ;5  proton  resonance  fre- 
(]uency  in  .Me  sec  at  which  re.action  particles  were 
detected.  Peaks  b.  c,  d and  f arc  due  to  elastic  scat 
tering  from  .\F\  ()'‘,  C'-,  and  He’,  i’e.ik  /;  is  from  the 
known  c.vcited  ie\el  in  bc'^  at  J.l  Mev.  The  .i\erage 
value  of  e.xciiation  energy  obtained  tor  this  level  from 
two  runs  is  2.44  .Mev,  which  i^  to  be  compared  with  the 
values  of  2.422±0.(K).S  Me\-  determined  l)v  \'an  Patter 


rt  (t/.‘  an<l  2.4.kl±('.0()5  .Mev  delermined  by  browiie 
rl  at.’  No  new  levels  were  found  in  be’  for  an  c.\c  itation 
energy  of  6 .Mev. 

Peaks  a.  c.  g,  ami  j have  been  identitied  as  deuterons 
from  the  reaction  be’(/>,(/^be’  corres]K)nding  to  the 
ground  si.itc  and  energy  levels  in  be"  at  2.8,  4.0,  and 
5.1  .Mev,  res|H‘clivelv. 

i’eaks  i and  / are  alphti-groups  from  the  be’(^,a)I.i® 
reaction  corresponding  to  the  grountl  state  and  e.xcited 
levels  in  bi‘  at  2.1  Mev  (for  a bibliography  see  Ifornyak 
cl  €i/.,‘  hereafter  referred  to  as  MFMb).  I'hc  jHtaks  k 
and  k'  are  attrihutetl  to  inelastic  protons  from  the 
4.4-Mev  level  in  which  appears  as  a surface  con- 
tamituutt  on  the  front  and  back  of  the  target. 

Peaks  r,  /,  and  / were  obtained  hy  subtraction  of  the 
readings  taken  with  a foil  in  front  of  the  detector  from 
readings  taken  without  a foil. 

B.  Nylon -f  Proton 

\ylon  taruets  of  surface  density  ().5n  mg  env  were 
l)i>mbarileii  by  S-Me\'  protons.  The  rc.ulion  parlKiC.> 

* V.U1  I’altcr,  Spcnlmn,  Iluang.  Strait,  .uni  Iiuet  hncr,  I’hvs. 
Kcv.  81.  .’.t.?  (I't.sl). 

' Hrownc,  Wiliianison,  (.'raiK,  and  Doiialiuc,  I’hys.  Rev.  83,  179 
(1951). 

• Iloriivak,  I.,’iurii>ci'.,  .Morrison,  and  I'owlcr.  Revs.  .Morlctii 
Rhys.  22i  .109  (I9.S0). 
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were  analy/cil  at  'K)  aii<l  15(1  . IVaks  <i.  h.  i . anil  r ot 
l iu.  2 arc  clast ica.lly  -icaiUTcil  proions  irnm  O'*.  \". 
C'.  anil  ( rcspcctivclv.  I’c..k  : is  the  i.nlv  c\iiic'l 
'late  olitaincil  in  ( '■' for  an  c\citaiinn  cncri;y  nl  h..s  Mc\  . 
\n  c\(  itat’i)n  cncrjtv  of  4.1.5  Mev  was  ilcicrmincil  for 
ilii-s  lc\ci.  Tiiis  is  an  avcra"c  value  ohiaincil  fron;  tour 
.N'vlon  hoinhari'mcnts  and  nine  other  homhaniments 
where  carhon  was  a surface  contaminant.  The  width  of 
the  peak  is  thoujtht  to  he  I'aU'eil  mainly  hy  tarjiet 
thirkncss.  .\  fresh  tarjtei  was  used  ioi  the  data  yieliiinj; 
l>eak  / I'ij;.  2 in  an  attempt  to  reiiuce  the  prohahility 
of  tarjtet  deterioration  causinj^  a widening  of  the  peak. 
Many  previous  inr  est igat ions  of  C’  have  been  made 
fsee  HI'ML,  p.  .525).  The  most  acoiralely  known  value 
for  this  enerjty  level  is  4.4.58  i.O  (II4  .Mev  obtained  !>y 
magnetic  analysis. '■ 

Three  levels  and  possibly  a fourth  were  found  in  .\'* 
from  the  reaction  .\"(/)./>' l\"*.  Peaks  </.  c.  and  /;  oi 
I'ij;.  2 corri'S|K)nd  to  ener;jy  levels  of  2. .52,  .5.‘)6,  5 (W 
Mev.  If  c,  were  a peak  in  .N"  the  \alue  ol  the  ener^r 
level  would  be  .5.7h  Mev.  Since  a ('"  elastic  pe.ik  was 
observed  it  is  possible  that  it  is  an  energy  level  of  this 
isotope.il  Its  e.voitation  enerjty  in  ('"*  would  be  .5.69  .Mev. 
.\  level  in  (!’’  is  known  to  exist  at  ,5.677  td. 005  Mev.' 
Prex  ioiis  investi};atii)ns  on  \"  eneruy  levels  were  made 


by  IT.iiOMsand  l.aiiritsen'’jtivin^  v.!tuc.-.of  1 .64.5  J.  t).(«r4, 
2^.518  rlMKIH.  .5  .5';0  r().()I().  .5  9.->.  5 056-rJ).025  Mev;  bv 
burrows  (7  it/.'  c^ix  inj;  '.allies  of  .5.95  and  .s.tki  Me\'; 
and  by  lleydenbiirf;  c7  it/."  j;ivinn  levels  at  2. .55  and 
.5.9  s .Mev.  rhomas.ind  l..iuritsen  ob'crx  ed  )^.imma-ra\s 
resulting  from  bombanliini  an  enriched  tarj;et  with 
deuteroiis.  I'lie  ^amma-ray  enerjties  whii  h they  assijjned 
•IS  encrjjy  leveis  in  \"  at  1 6 Mev  and  .5.4  Mev  have 
since  beeer.  attributed  to  c.iscadinn  Ramma-rays 
fprix'atc  < ommnnii  .ction  with  I . l.aiiritse.n). 

Peaks  //  and  / .irc  ,issij;necl  to  the  oxyjien  doublet  at 
6.(land  6i.l  Mex  . The  best  information  about  thecloublet 
xvhieh  can  b'-  calculated  from  the  Nylon,  PbS,  and 
PbK-;  clata  foxyijen  appeared  as  a ccentaminant  on  the 
last  two  i.ir^ets!  is.i  x alue  of  0.087:ir().01()  Mev  for  the 
cloublet  separation.  Previous  measurements  of  these 
icwels  and  their  separation  have  been  made  by  Chao 
c7 ii/.'-'They  jiixe  x ciluesof  6.052,  6.1.56,  and  0.084 drC.IXK") 
.Mev  tor  the  ener};y  levels  of  the  two  peaks  and  their 
separation,  respectixely.  Sexeral  other  measurements 
of  these  Ic'xc!'  h.ixe  been  made  (see  lll'Mb,  p,  .54.5). 

C.  F '’  • Proton 

\ tar^jet  of  Pbl  ;(l,20  m>i  c m')  was  evaporated  on  a 
^old  b.ickinn.  With  8-Mev  protons  incident  on  the 
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I lo  2.  .Specirucn  of  charged  p-xrliclcs  scjiirrcd  iron)  N'xlim  ai  I.SO'. 

I dJJrd  ii;  pn>r.J:  ruilhcr  wort,  imiicalcs  ih.il  ihis  lexel  is  from  C'* 

’ K.  (i.  fhomas  and  T.  I.auril.si-n,  Phys.  Krv  7S.  88  (I950V 
'‘’liurrous,  I'owfll,  .m  l Koihlal.  I’roc.  Koy.  Soc.  .\209.  478  iIXl.SI). 

" Mrydccdiurg,  I’hillins,  and  ('mvie,  Phys.  Rex'.  85.  742  (1952). 

'’('luo,  Toliesirup,  I'liwlcr,  and  l.auritscni.  I’hy.s.  Kiv  79,  lOS  t9.5();. 
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AKTIinU.  At.  I.  I.  HKNOKK.  IIAfSMAN.  AND  MrDOI.  li 


I'ic. Sptxirum  of  chargo<l  panicles  scalterod  from  lluorinc  al  l.W)'. 


tiirncl  protons  from  the  reaction  were 

observed  al  ISO",  l-'igttrc  .?  sliows  sections  of  each  of 
two  Iwmhardments.  I’cak  a is  a group  of  protons  elas- 
tically scattered  from  lead  and  gold.  Peaks  b,  c,  and  li 
are  the  elastic  [reaks  of  F”,  ()“,  and  C'-,  resiK'ct  ively. 
Peaks  e,  /,  g,  h,  i,  j,  j,,  k,  and  / corres|Kmd  to  energy 
levels  in  F'»  at  1.37,  1.5‘J,  2.S2,  3.94,  4.06,  4.41,  4.4S, 
4..s9,  and  4.76.  Peak  ji  is  not  shown  as  a |>eak  in  Fig.  3. 
Peak  m is  the  excited  state  in  al  4.4  .Mev.  P<’aks  n 
and  o are  the  6.0-  and  6.1-Mev  levels  in  O'*.  .No  other 
levels  of  comparable  intensity  were  observed  for  an 
excitation  energx'  of  6.7  Mev.  There  were  indications  of 
seven  other  pos.sibic  energy  levels:  one  each  at  4 and 
4.3,  three  near  4.6,  and  two  near  4.8  Mev,  each  of 
which  reproduced  on  the  two  bombardments.  A bib- 
liography of  previous  inve.stigalions  of  energ\-  levels  of 
l•■'’  is  given  by  HFML,  p.  333.  Recently,  Bullock  and 
.Sampson"  found  energy  levels  at  1.36±0.03,  2.76 
-t0.03,  3.92±0.03  Mev;  Ileydenburg.  Phillips,  and 
Cowie’-  found  levels  at  1.33.  3.83  .Mev  . and  Shull"  found 
a level  at  1.32  Mev.  .Vo  attempt  was  made  to  stu<ly  the 
reaction  l'‘''^,o )()'**.  The  sivectrum  shown  in  l-’ig.  3 is 
taken  with  the  alpha-groups  removed  by  placing 
aluinituim  foils  in  front  of  the  detector.  .A  broad  i)eak 

.M.  1..  Hulltick  and  M.  1).  Sampson,  Phys.  Kev.  St,  967  (19.111. 

“F.  B.  Shull,  l’i)>s.  Krv.  83,  875  (1951) 


ap|K*ars  between  1 and  2 .Mev.  This  is  a proton  group 
which  appeared  on  a bombardment  of  the  gold  backing 
m.ade  under  similar  conditions.  It  is  thought  to  be  due 
to  (p,p  ) reactions  in  cop|)cr  or  silver  known  to  exist 
in  the  gold  in  quantities  less  than  0.2  percent.  .■Ml  ]H*aks 
shown  Ml  Fig.  3 were  observed  on  two  bombardments  of 
the  same  target ; however,  the  values  above  were  cal- 
v!’*a<ed  from  the  second  run  only. 

D.  S’- -{-Proton 

The  reaction  was  studied  by  bombarding 

targets  of  lea<l  suHide  and  sulfur  on  gold.  A siH-clrum 
of  the  reaction  particles  in  the  130°  direction  obtained 
by  bombarding  S’-  with  8-Mev  protons  is  shown  in 
Fig.  4.  o,  b,  and  c are  the  elastic  |>eaks  of  .-\u'’^  S’’,  and 
<>“,  respectively.  Peaks  e,/,  g,  /i,  i,  j,  and  n are  assigned 
to  excited  levels  in  S’-  at  2.23,  3 81,  4.32,  4.30,  4.74, 
3.04,  and  3.83  Mev.  res|K*ctively.  Peaks  k and  / are 
attributerl  to  tiie  4.4-Mev  level  in  C"  and  result  from 
carbon  contaminants  on  the  target  surfaces,  l-'our  |>caks 
(J,  i/i,  in,  ami  u)  were  not  used  for  calculations.  In 
l>revious  studies  of  S’-  (see  .-Mburger  and  llaftjo 
cited  levels  were  observed  at  2.2.s  and  4..>4  Mev. 

“ I).  E.  •■Mliurgrr  and  E.  M.  Hafner,  Revs.  Modern  I’hvj.  22. 
.379  (1950) 
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IV.  RESULTS  AND  ERRORS 


TABif.  I.  Energy  levels  in  Be*,  N“,  O",  K‘*,  ami  S“. 


'lalilo  I is  a list  of  the  eleiacnts  stuclied  and  t lie  energy 
levels  ohtaintsl.  In  all  (/>,/>')  reac  tions,  exc  ept  I'''*,  where 
three  ligures  are  cjuotcd  an  estimate  of  the  prohahle 
error  is  ().02  Me.v  I'for  1'*’  the  estimated  probable  error 
is  0.0.1  -Mev).  The  primarx’  eontrilnitioii  to  this  probable 
error  is  due  to  an  unrertianty  in  the  ralibration  sd  ;!ie 
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Tic.  4.  S(irctruni  of  charged  particles  scattered 
from  siilhir  a!  t.S0°. 


J nrtKV  Irvrl 
f N!r\  ) 


lioiilMf'f  s^l 'Ut  :|M' Ml 
Mr\  ) 


He*  2.44 

(•«  4.45 

.V  2.32 

3.7f)f 
3.96 
SW 

O'*  6.0  iiiw; 

6.t 

K'*  1.37 

1.59 
2.82 
3.94 
41)6 
4.4 1 
4.48 
4 .59 
4.76 

s-  2.25 

3.8t 
4.32 
4..V) 

4.74 

5.04 

5.83 


magnet ic  field  strength  of  the  reaction  particle  antdyzer. 
'Phis  unc  ertainty  arises  from  a nonlinearity  between  the 
ratio  of  the  measured  field  strength  to  the  fringing  fielil 
strength  and  the  measured  field  strength  and  also  from 
hysteresis  efTects.  'I'here  arc  indications,  in  general,  that 
the  levels  are  higher  than  [ireviously  published  values 
of  the  same  levels  where  the  accunicy  Cjuoted  is  of  the 
order  of  0.01  Mev. 

Ihe  authors  wish  to  thank  1..  M.  Diana,  K.  H. 
Khinles,  R.  !•'.  W’eise,  R.  ,\.  Harjon,  Miss  C.  (legaufT, 
and  K.  M.  IVrkins  for  their  many  contributions  to  this 
project. 


Ir.tOf'TX.-l  -GUatloj\  for  Strlppliv^ 

■2.  ^'«rJuoy 

'r>.lc  mbjeci  Iioa  been  di^riinoc''  rocci-.’tly  by  ^•uatem^  rho  )>ns  ottenrnteiJ 


1.  Ausiorn,  ^'hya.  '<ot.  310  (1953) 


to  Ctorlly  tj>a  .->,<:reei?ont  bet’-cen  tho  reniilte  obtr  Ined  from  i^utler's  theory 


2.  T.  iJutler,  Vtcc,  Ibay  Soc.  Lond.  A2QH,  5;;9  (1951) 


ond  frora  jern  aTarroxlcuition.  Auatorn'e  conclualona  are  drrv»n  from  en 


3.  i . l^altch  on-*  J.  J'ronch,  I’hya.  Hev  iJ2*  900  (1952) 

Intaeral  eruatlon  for  the  vare  function  of  the  problem,  In  v^hlch  the  Oreen's 

fvaictlon  la  iSJjireaaed  In  nomontxun  s'j'r.ce.  We  shall  sho’*  that  the  Inte^al 

eouatlon  ern  be  more  rendlly  Intarrretoc:  If  the  Green's  function  la  vTltten 

In  coordinate  aaacc,  and  that  In  Auatern's  cqtiatlon  (6)  the  term 

- V!<pM  O moJees  a Tnnlshln/^  contrllnitlon  to  the 

scatterln,!  pmpllt’ade.  This  result  modifies  hie  demonstration  thf«t  the  terms 

in  V.  ore  cancelled  when  hla  ^ Is  replaced  hy  . Our  o’-m  molnt  of 

*•1'  ' “ 

vlev  on  tho  connection  between  the  Horn  apr'roxlnntlon'’  and  Sutler' a theory^ 
wJll  ba  presented  In  nndther  report,  to  \dilch  the  present  report  Is  nrellinl- 
nary. 

We  re/^nrd  the  inltinl  nucleus  as  oflxed  center  of  force  of  snln  aero 
(aa  do  Cnltch  and  ^rench"^) , thereby  obTlntlnrr  the  need  for  Internal  nuclear 
coordinates.  The  Hamiltonian  la 

H - v,r 


(1) 


where  T rei->roBent8  kinetic  energy,  and  'fy  ere  the  Interactions  of 

cent 

the  neutron»proton  Interaction.  solution  ^ 


neutron  or.d  proton  respectively  with  the  fixed  center  of  force,  and  is 


obeys  the  integral 


equation 


viiere 


(%,  i-Tp+V^-£)  '/'^O 


(2) 

(3f0 

(3b) 


(5) 


I is  the  xmit  operator  In  the  configuration  space  of  neutron-proton  eoordi- 
nates  and  spin,  G i®  the  outgoing  Green's  function,  given  by 

^ denotes  spin  coordinates,  and  ^ (^)  are  the  coEiplete  set  of  eigen- 

S 

functions  of  the  neutron  in  the  field  of  the  initial  nucleus 

)0  ^ 0 

1$;  tho  outgoing  Green's  function  for  the  proton  in  free  space 
(and  spin),  l.e, 

(7;-£'+A)yp  =Ip 

vith  Ip  the  tmit  operator  in  proton  coordinate  and  spin  space, 

Since  in  Bonentua  space-  the  representation  of  Cy  i*  proportional  to 

, -^stem's  integral  equation  (6)  is 

»n  to  be  in  our  notation 


(6) 


seen  to  be  in  our  notation 

rp  /vp)  ^ l^p 

where,  as  previously,^  ^ represents  a plane  wave  of  ftree  deuterons. 


(7) 


The  boundary  conditions  on  the  problem  are  that  the  wave  function  is 
incident  as  a douteron  at  infinity  (far  fl'oia  the  center  of  force),  but  is 


otherwlBe  eYeryv;horo  outgoing.  Thu«  ©quntlons  (s)  nnd  (Sa)  Imply  thrt 
^ I*  a coratlnation  of  freo  s-'oco  pro^’on  functlonn  and  of  neutron 
functions  %(>)  which  pt  Infinity  looks  like  an  Incoming  plane  ware 
of  free  doutcrouo,  hut  In  which  the  neutrons  and  protons  propagate 


independently  of  each  other*  since  doos  not  apear  In  equation  (Sa). 


(8) 


Except  for  the  incoming  port  1^0.  % must  ho  oToryvhero  outgoing  at 

Infinity,  Equations  (2)  and  (7)  preRumahly  represent  the  same  ^ , 
implying  v/e  should  he  ahls  to  rhow 

Using 

and  equation  (3b)  it  is  seen  that 


(9) 


Thus  the  rle^t  and  left  sides  of  equation  (8)  satisfy  the  saxae  differential 
equation,  equations  (3n)  and  (lo),  and  also  satisfy  the  same  boundary 


conditions,  namely  they  are  everywhere  outgoing  at  infinity  except  for 


identical  incoming  terms  Tp  , This  is  sufficient  to  prove  that  both 
sides  of  equation  (6)  represent  the  same  function.  Equation  (8)  can  also 
he  established  directly  from  equation  (9),  rewritten  in  the  fora 

Since  ^ and  ^ have  identioel  incoming  terns,  equation  (U)  using 
equation  (s)  is  equivalent  to  the  integral  equation 


(% 


i , 


(12) 


I 


which  Is  eouation  (8),  The  Identity  of  equr.tion  (2)  ^ ith  Austern'i  equation 

(6) ,  our  equation  (7),  has  tlierehy  been  demonstrated, 

in  (d,p)  reactions  the  tern  G (V  <>  V._,)  Ejakee  a Tanishing  con- 

N Ur 

trlhution  to  the  scattering  onplltuda  now  con  bo  soon  on  physical  grounds, 
recalling  the  interpretatiou  of.  , Only  continuum  (posltire  X ) 

eigenfunctions  c.-ui  cone  in  fi*om  infinity.  In  order  that  the  neutron  be 
captured  therefore,  it  ie  necossary  that  the  proton  remove  the  excess  neu^ 
tron  energy,  ^t,  as  pointed  previously,  equation  (Sa)  for  ^ contains 
no  neutron-proton  coupling  term.  Conseqpently  ^ cannot  yield  neutron 
capture. 

This  plausible  argument  is  made  rigorous  as  follows.  The  number  of 
scattered  protons  which  reach  infinity  with  polarisation  TT  , while 
leaving  the  neutron  in  a bound  state  of  energy  , total  angular  momen- 
tum J,  and  magnetic  quantum  number  m,  is  determined  from 

In  (13)  :Z.  proton  spin  function.  Substituting  equation 

(7)  in  equation  (13),  the  tens  in  ^£>  vanishes  expoaentially 

since  a bound  state.  The  terms  in  lead  in  the  usual  way, 

via  equation  (4)  and  the  orthonoraality  of  the  set  ^ , to  the 

scattering  amplitude  of  the  protons  along  the  direction  iv  A(^,  the 
coefficient  in  (13)  of  r“'  exp  (l  k r^)  asl^— >ooalong"n*,  ie 

(14) 


(I6b)v 


In  ecroatlon  (15)  V , V , and  V oper-^te  to  the.  right,  snd  svmmatlon  OTor 

^ ^ C 

«p,  and  Integration  orer  all  Tp,  ie  Inplled,  k = kn  and 

with  M the  maae  of  proton  or  neutron,  Tho  functior.  ^ le 

^ g //r-  (r>  * 

is  the  wave  function  of  the  deuteron  in  Its  ground  state,  with  specified 


nagnetie  quantum  trumbor.  In  other  words,  letting  r - r - r, 

“4"  ~ ^ 


(■ 


(17) 


/r  ’ ^ - - c ^ 

with  vr  the  energy  of  the  deuteron  in  its  ground  state,  and  ^ CL  "^sL* 

In  equation  (I5a)  7^  is  Hermitian,  and  does  not  inrolre  or  Sp* 

Hence,  from  equation  (5),  and  using  also  equations  (16)  and  (17)  to  eliminate 


V , equation  (iSa)  becomes 
HP 


(18) 

(19a) 

(19b) 


A.(Pr)^  e>J^)  ^ 

a ^ (> *)]  r,> 

We  Introduce  r = Tp  - r as  a new  Independent  Torlable,  replacing  r , in 
equations  (19),  rnd  observe  that  because  '^4}and  w are  bound  states, 
integration  by  parts,  so  as  to  cause  ^ and^  Ar  to  operate  on 

the  exponential  functions,  is  l«<gitixoate.  ^sre  result 

Equations  (20)  imply  of  course  integr.?tlon  over  all  r end  Performing 
the  indicated  differentiation  and  recalling  the  definitions  of  K and  k,  we 
find  that  Bj(n)  - B^(n). 

This  coapleles  the  proof  that  ^ 


the  portion  of  the 


ccattering  craplitude  resviltin^  from  tho  teira  It 

zero.  i‘he  scatliering  orrolitude  it  Klren  solely  by  AC^'^" 

It  vill  be  noted  that  in  this  demonstration  there  ime  no  need  to  asttme  v 
spherienlly  symmetric . nor  vae  ▼ ^ aesnmed  central  or  spin- independent. 

Replacing  in  equation  (l5b)  permit s ^HP  to  be  replaced  by 

Yjj  in  that  equation,  since  A|(a).  equation  (l5a)»  has  been  prored  equal  to 

99 

zero,  ^^s  yields  the  starting  uolnt  of  ®aitch  and  French.  Judging  by 
equation  (s),  it  is  equally  natural  to  regard  ^ as  the  solution  in  the 
absence  of  scattering,  suggesting  that  it  night  be  nore  accurate  to  replace 
^ In  equation  (l5b)  by  • Bowerer  ve  shall  not  pursue  this  point  in 


this  report 


Plij  oicc  r3pa..-t ’.ont,  Urilvorfiity  ol’  PlttsbUTcli- 
1 o T 11 1 1‘oduc  ^ 5.  on 

T’jo  ther.i*:/  or  (d^p)  (d,n)  ro&ctlons  given  by  Butler- 

liCLQ  beon  tho  r;ub.^oct  of  a r'-cnbor  of  thoorotlcal  papers 

io  i'-  T«  Ivoy^  £oc»  Loncl-  A 208«  559  (1951) 

2c  'Ic  B,  K'lihfa  et  Fhllo  Mag.,  1+85  0952) 

Jo  i’o  B„  Daltch  and  J«  Ac  French,  Phya,.  Rov^  87.  900  (1952) 
1+0  Ro  Huby,  ProCo  Roy.  ooc*  Lond.  A 2l5,  385  (1952) 

5o  N„  Austarn,  Phys,  Rev.  ^ 318,  (1953) 

6.  Fo  Frledmon  and  W,  Tobocman,  "An  Approximate  V.'ave 

Kochanlcal  Dencriptlon  of  Deuteron  Rtrlp+lng",  to  be 
published. 


Butler* B original  deduction  of  the  angular  distributlcfn 
in  stripping  Involved  fitting  together  at  the  nuclear  radius 
tliO  aolutlona  interior  and  exterior  to  the  nucleus  it- 
fair  to  call  coinpli.cated  the  procedure  by  '^..(hlch  Butler 
obtained  'die  cz’oaa  section  froc!  ills  aolutlon.  Succeeding 
theoretical  studios  have  been  of  tvre  kinds;  (a)  attenpta 

H/ork  dor:e  in  part  at  the  Sarah  Mellon  Scaife  Radlatlooi 
laboratory  and  assisted  by  the  Joint  Program  of  the  Office 
of  Navel  Research  and  the  Atomic  Energy  Conml3slon<. 
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to  sliTjpllfy  and  clavify  Butler's  calculation  of  the  cross 
section,  but  retaining  hie  basic  Idea  of  fitting  together 
the  Interior  and  esiterlor  aolutlone^*'*'^  and  (b)  assuming 
the  Born  approxlnatlon  matrix  element  for  the  x»eactlon  after 
which  Butler's  fomula  Is  obtained  by  more  or  leas  direct 
integration*'"**^  Since  Butler's  calculation  does  not  seem 
equivalent  to  Bom  approxinzctlon  it  is  somewhat  surprising 
that  Bom  approximation  gives  Butler's  results*”^  Austem 
has  attempted  to  explain  fchl.o  agreement* 

subsequent  sections  xie  shall  rederlve  Butler's 
result  by  moans  of  standard  Green's  function  techniques, 
thereby  automatically  and  obviously  satisfying  the  bcandary 
conditions  at  Infinity  and  at  the  nuclear  radius.  To 
minimize  formal  compile ations  wo  consider  the  follovdng 
idealization  of  the  stripping  problem:  A deutron,  spinless, 

composed  of  spinleas  neutron  end  proton,  impinges  on  a 
fixed  center  of  force  which  is  the  Initial  nucleus,^  At 
IrJTlnlty  the  solution  must  be  of  the  form 

$ - (X) 

where  V’p  is  the  incident  plane  wave  of  deuterons  on  the 
Initial  nucleus,  and  ^ Is  everywhere  outgoing.  In  the 
problem  at  hand  this  means:  Let  the  energy  have  a positive 

Imaginary  part;  then  f is  #voryv/hero  outgoing  if  It  remains 
botmded  as  rjj  or  rp  or  both  approach  Infinity,  Ue  have 
been  coreful  to  obtain  the  cross  section  by  a mathe’.natleal 


•X 


procedure  uhich  corresponds  evldentlj'  tc  tbo  eiiperiTTiental 
situation*  To  amplify  this  remark,  denote  tha  wave  function 
of  the  final  nucleus  in  a (d,p)  reaction,  in  which  the 
neutron  is  captured  into  a bound  state,  byt^rjl)*  Then 
the  probability  of  finding  the  proton  at  x^,  with  the  ^ 
neutron  bound  in  its  final  state,  is 

The  experiment  measures  the  flux  at  infinity  of  protons 
whose  energy  cox*responda  to  leaving  the  neutron  in  state  ^ 
which  flux  per  unit  solid  angle  is 


, which  flux  per  unit  solid  angle  is 


where  the  scattering  amplitude  A(n)  in  the  direction  n 
is  given  ^ 

A(n)  ^ QZ  f $ (2) 

and  approaches  infinity  along  n* 

We  always  employ  the  definition  eq*  (2)  of  A(n)  to 


evaluate  the  cross  section* 


Using  eq*  (2)  in  the  integral  equation  for  the  problem 
leads  in  a very  straightforward  way  to  tbo  Born  approximation 
matrix  element,  for  which  no  satisfactory  justification 
has  been  given  previously*  In  so  doing  we  illuminate  the 
reason  for  the  agreement  between  the  two  seemingly  different 
methods  (a)  and  (b)  above.  Our  integral  equation  is  the 
same  as  that  obtained  by  Austern^,  but  his  not  using  the 
definition  (2)  for  the  scattering  aiiqplitude  caused  him  to 
overlook  the  laot  that  not  all  the  terms  in  his  equation 
yield  protons  at  ini ini ty,  in  (d,p)  reactions*  This 
statement  will  be  further  amplified  below.  Finally  we 
append  some  discussion  concerning  the  success  of  the  theory* 


IIo  ^iio  Xntef.ral  Equation 


\Jq  fix  our  attention  cn  (d,p)  reactions,  l.e*  \;e  soak 
outfolnf  protons  whose  onor^^y  corresponds  to  leaving  tho 
nsv-tron  bound  to  the  center  of  force*  Tho  Hamiltonian  Is 

/-/  = Trf  + t;  + V'  + 

\Axov9  T represents  klnetlo  energy,  and  Vp  are  the  interaction 
of  neutron  and  proton  respectively  with  the  fixed  center  of 

7 

force,  and  Vj^p  is  tho  neutron  proton  interaction* 


7*  The  dlsousalon  and  notation  of  this  section  parallels  that 
in  E,  Oerjuoy  "Integral  Equation  for  Stripping",  University 
of  Pittsbura^  Precision  Scattering  Project  Report  #3* 


The  solution  satisfies 

= 0 

wlth^of  the  form  eq*  (1)  and 

ik) 

e ' iAr(r,-r^) 

(5) 

uT  is  the  ground  state  of  tho  deuteron 

satisfies 

(6) 

Using  an  obvious  symbolic  notation,  the  solution 
satisfies  the  integral  equation 


(7) 


m 


V 


'V 


(9) 


riio  Dolntlon  to  o<;»  (7)  oatiofies  the  boundary  conuitlonc 
at^fclio  nucloar  radius,  and  satlsflaa  the  bound£j?y  condition 

3 

at  Infinity  if  3 Is  tho  out^pinc  Green* o functl«wx,  ulileh  le 


Go  It  is  apparont  that  J,  0^^*  0.0),  satisfies  tq,  (9)  and 
is  cutejoinc  In  the  protoi-c.  In  the  sens©  uliioh  xos  been 
explained  in  tho  previous  ccGtlon«,  It  lo  possible  to  prove 
that  G la  also  outenin^r  in  tho  neutrons,  dosplto  the  foot 
that  It  sea.'.p  to  contain,  t..ircu/;h  both  1:  cor -In 7 and 

outroliir  spherical  uaves  in  r^ro  It  must  be  jrrras  ted  that 
eo:)o  siathomaticel  questions  ooncomlnr  tho  prooJ  are  not 
olto.'^^thor  settled,  but  its  essential  coz*rectne>  0 coe-ia 
establishodo  Tho  proof  lo  contained  in  a repori:.  In 
preparation  by  Bo  Prlod  ia^i  ojnd  ho  '^rjuoy,  on  be  cubjeot 
of  nany  particle  ecatteriiv’  problerwo  Hole  ted  .h^hle 's 
or©  dincuosed'  in  B«  I'*riod  an  arid  Jio  Gorjuoy;,  le'joareh 
xisport  5?  CX«»4,  and  In  Harry  F*OS0S*  lv0S6 

both  issued  by  lieu  iork  University,  ‘‘t 'jJilnnton 
quuro  Cbllere  of  arts  a:u2  cionca  iiatisonatlc&  Kesearoh 
Group© 


0. 


U<  } 


' 6 


In  eq.  (10)  the  sum  over  ^ Includes  an  Integration  In  the 
continuma  ^^0.  are  the  complete  set  of  eigenfunctions 

of  the  neutrons  In  the  field  of  the  Initial  nucleus 


(11) 

g(E-^}  Is  the  outgoing  free  space  Greenes  function  for 
the  proton®,  l*e. 


vrr  S — T — s — 


(12) 


(15) 


In  eq,  (13)  U la  the  mass  of  proton  or  neutron  and 

when  E Is  Imaginary.  >0 


9,  In  order  that  eqs.  (10)  and  (12)  yield  a convergent 
result  In  eq.  (7),  Coulomb  forces  must  be  neglected  or  replaced 
by  screened  fields.  We  are  also  Ignoring  some  formal  diffi- 
culties connected  with  the  fact  that  Vj^p  Is  a function  of 
Tv  - only,  and  does  not  approach  zero  along  all  radii  of 
an  Infinite  sphere  in  the  six  dimensional  space. 


Eqs.  (1)  and  (7)  Imply  that  the  .difference 
Is  everywhere  outgoing.  Rewriting  eq.  (6)  as 


betdfeen  ^ and 


("Xy  + Tp-t-l^  £)l^- 


I 
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It  iolloars  that 


(15) 


so  that  eq.  (7)  becomos 

,16, 

Eq.  (16)  la  identical  with  Auatern^s  integral  aquation^o 
Since  V:^tp  does  not  appear  in  eq,  (8),  may  be  said 
to  represent  a combination  of  free  space  proton  functions 
and  of  neutron  functions  /()  # which  at  infinity  looks 

like  an  incoming  plane  wave  of  free  deuterons,  but  in  which 
the  neutrons  anJ  protons  propagate  Independently  of  each 
other.  In  order  that  a neutron  be  captured  it  is  necessary 
that  the  pi*oton  romove  the  excess  neutron  energy.  But 
6C«  (8)  contains  no  neutron-proton  coupling.  Consequently 
it  is  to  be  expected  that  ^ makes  a vanishing  contribution 
to  the  scattering  air.pll tucte,  in  (d,p)  reactions^ 

This  pluusible  argument  can  bo  made  rigorous. 

Substitute  eq.  (16 ,J  In  eq.  (2)^  Using  eq.  (5)  It  is  seen 
that  the  torm  ii\  (p  ^ vanlshos  exponentially  as  To-^oop  sinew 
both  ^ andtir'SLre  bound  states.  The  terms  in  G aimpllfy  with 
the  aid  of  eq.  (10)  and  tho  orthonormality  of  the 
Letting  rpe"^s  there  results 


B 


^ -> 


17) 


A,(n)  - --  V^,)% 


(19) 


aV(^)  = ~i,  f .2  VfrX  ( Y>  * '4p)  i 

In  eqa.  (13)  and  (19)  la  fcbo  energy  of  the  nouti on  In 
its  final  bound  state,  k - kit,  and 


(20) 


where,  referring  to  eq.  (6)t  Is  the  energy  of  the  deuteron 
in  its  ground  state. 

It  can  be  shown  that7 


^i(n)  '^0  (21) 

The  der.onstration  is  ti'ivial.  Involves  merely  eliminatioa 
of  V;qp  and  Vj}  by  eqa.  (6)  and  (11)  followed  by  an  integration 
by  parts.  Eq.  (21)  remains  valid  when  the  particles  are  not 
assumed  spinless,  and  when  is  not  spherically  symmetric, 
i.e.  when  is  non~central  and  spin-dependent? 

Eq-  (21)  means  that,  as  asserted  previously, 
makes  no  contribution  to  the  scattering  amplitude.  In  Born 
approximation  wo  replace  $ by  d 1”  ®<l*  (1®)*  In  this 
approximation,  by  virtue  of  eq.  (18),  we  may  replace  V^p 
ty  Vf{,  without  additional  error.  This  yields  tne  starting 
point  for  the  Born  approximation  deductions  of  the  (d,p) 


angular  diatributlon.  Our  derivation  may  be  compared  with 


V •» 


Auotam^*  It  will  bo  noted  that  the  valid  nr.a  of  tho 
Dorn  up-;roxlnation  nntrln  cloront  docoxids  on  tho  planolble 
but  not  obvlouo  clrou  xa  tanco  that  ;^akos  nn  co::trlbufclon 
to  tixo  ecattorln^;-  anplltudo. 

Ill  i)utler*B  Ihoopy 

(16)  remalna  vol.lc  •..Ixatovor  the  for.ia  of 
ond  Vj.j.,  subject  to  tlio  rexsork  In  footnote  9*  ilio  ei^oolal 
ofisuivtions  made  by  Dutlor^  .my,  for  (d,p)  reaotioca,  bo 
euiTiarle^jd  as  followai^  (a)  *'p  0;  (b)  within  tho 

nuolousj  noflect  V^.p  in  tho  rchroodlnf^r  equation  tor  $ j 

(e)  exterior  to  the  nucleus^  assume  Vjj  ■ 0|  (d)  for 

rjf>a  J^le  of  tho  form  eq©  (1)  whero^  la  corapored  of  free 
particles  only,  l >o©  Joati  nflee,  when  r„>a. 


(22) 


\)o  shall  eec  that  aoounptione  (o)  and  (d)  arc  zu>t 
aullA^ly  oonslstcut©  Ascuni/tlons  (a),  (b)  and  (o)  .loon  the 
rJchroodlnror  equation  for  tlio  pz*oblem  Is 


(23«) 


(23b) 


I^So  (23a)  and  (23b)  .may  bo  expressod  In  tho  fom,  valid  for 

an  r“p 


(21^) 


where  '.j~o  hat",  ini:r.>d'.ico(5  ^^o  n (/'orritor  P. 

0 W ^ !2S) 


Tv<*' 


riie  Internal  oviuatlon  to  eii.  (2li  ) le 


(26) 


rlnco  Vjj  ■*  0 for  ^ a,  Ao  iti  tho  pracodlnf:  soetion  eq,  (26) 
loads  to  the  ocattcrln  • ani^lltudo 


(27) 


In  Bom  approx5jnatlonj?le  replaced  by  In  eq»  (27). 
Cinoo  the  rlcbt  side  of  oqo  (21|.)  can  bo  Interpreted  os  a 
ooureo  term.  Born  approKl  uitlon  In  tho  theory  of  tlalr  oeotlon^ 
i.e«  Bom  approxlnatl(Mi  In  eq»  (2U),  anoimts  to  no'^leotinn 
as,  a source  of  soattored  proton  waves  at  Infinity  tho  term 
^IIP^  exterior  to  the  nucleus.  But  t^iis  Is  ejEOotly  the 
Ui^proxlmatlon  whl  le  liu  llcd  by  04.  (22)^  In  ;;hich 
Ic  nc.'loctod  for  “•  ^ noe^uontly  that  Butlor'o  r.olutloaa^ 

is  ouvlvalont  to  tho  i'or:>  a ,,,2oxi  latlon  theory  of  tliln  section 
Ic  no  lon~or  nur  rlslnr.  Iji  fact  04,  (22)  linpllco,  ucln^ 

040.  (1)  and  (6)^ 


Eq.  (28)  may  be  ewrltten  as 
Q >*-  (T'.i-Tpf  E)f  = - 1^)  = 


(29) 


(23b) 


(2->)  Ifl  not  iclontiuol  cq. 

It  ban  been  oqs#  (23a)  (20)  whose  solutions  hare 

boon  fitted  at  the  nuoloar  radlui/^^'^not  o^s.  (23a)  and 
(23b) • iiocalllnn  V •»  0 Top  r,>a,  e^iB•  (23a)  and  (20) 
are  OHuivalont  to 

(30)  la  an  .t.nhomor^nOiTt'o  difforentlal  equation,  not  an 
intor;ral  eqtiatlon,  whone  rolutlor.,  aatiafylnr  the  bounda>7 
conditions,  le 

(31) 


presumably  tha  oolution  uhloh  Is  obtained  by 
flttin;'  the  exterior  and  Intorlor  solutlonc  at  tbo  nuoloar 
radius o Coopurln^  oqe.  (26),  (27),  and  (3D*  It  lo  at  ooco 
soon  that  the  soatterlns  un,..litudo  in  Dutlor*s  theory  is  the 
80^0  08  2om  app^xlmatlon  In  eq«  (27 )»  nonoly 


(32) 


Bom  approximation  In  eq«  (19)  redueo8  of  eoureo  to  oq«  (32) 
If  the  additional  assumptions  involved  in  obtalninr  oq»  (27) 
aro  tnoludf*'  in  eq»  (19)^  na  ioly,  Vp  ■ 0 and  V^^p  neflootod 

for  r < a, 

II 


XV  -valuafcion  of  Tcattoid.:^  i^nplltudoo 

S<1#  (32)  nuet  bo  Infco'^^atod  over  tho 

and  oonsot  ba  roplaoed  by  on  Interral  ovar  all  rpaoo,  evon 

thou/^  wo  aooilnrly  derived  oq,  (32)  by  norleotln/*  for 

rjj<R»  Vj,p  was  nof;:lootod  for  In  eq.  (23a)  only, 

which  eonbined  with  eq»  (20)  lod  without  fui*ther  approxircitlon 

to  oq*  (32)*  In  oq.  (')  f or  no  auch  aaounptlon  about 

V-^p  1b  mdo*  Includlnf,  In  oq«  (32)  tho  ror^lcn  pv  <a 

irould  onoimt  to  bac?  to  the  3om  approxlnatlon  of 

section  II,  but  xjlth  0» 

iifl  a conaoquonco.  It  Ic  r.ot  lacltlnate.  In  oq*  (32), 

to  replace  Vj^p  by  since  tills  substitution  Is  justified 

only  by  oqa.  (18)  and  (21)  In  which  tlic  intocw^o 

oxtendad  over  all  space*  ^Ivit  eq*  (32)  Involvee  V rather 

HP 

than  Vjj  is  desirable,  as  it  onablee  us  to  avoid  such 
dlfficultlos  as  those  of  Doltch  and  Frenob^  who  obtain  the 
an^lor  distribution  by  ncrloctlnr  the  contribution  from 
r^j<a  to  the  overlap  Intc  -rol  between  ^ 

spherical  Dossal  function*  Deoausa  if*  & bound 

state,  flier e as Inp  exponontlully  for  It  Ic  hard 

to  Juefrtfy  their  approzlmtloti* 

■e  proceed  now  to  evaluate  A(n)  from  eq*  (32),  to  satisfy 
ourcolvoa  that  It  leads  u-ltlioiit  further  assunpt'ons  to  Butler* 
on.ular  distribution*  flic  evaluation  Is  stralfhtfoxnmrd  and 
doubtlocs  oan  bo  done  In  a nuubor  of  ways*  i/e  have  found  It 
eonvonlont  to  introduce  in  oq*  (32)  roploolng  ^p  the  neu 
variable  r • rp«r|j,  and  to  make  use  of  eq*  (5)  and  the  foot 


f I TjI'  . ' I ’ 


yr 


133) 


.1 


Xn  olic  Inte  gral  over  r In  e^;*  (33)  uno 


(3U) 


to  cli.ilnato  VllP-  Into-rato  by  pai'tr^  Justified  beoauaeuTia  a 
botmd  ntate,  and  onploy  e<i«  (20)^  obtainlnn 

Ppoo  oq«  (11)  for  Vy^>  9l,  v.hore  Vjj  » 0^ 


(36) 


nonoo,  UBinf!’  Oreen'o  thooroi  Ir  the  Intorrol  over  r,.,  expanding 
in  spherical  liar 'onics  with  K-k  os  tlx>  polar  axis^ 
and  trr.l ting  imply. 


-*i«  (37)  l3  valid  fop  with  ij,  huanfclrod  along 

Tha  integral  vanlsiiea  fo.'  the  other  values  of  the 
mgnotic  liuantuzQ  nunbero  (37)  yields  butlor'o  an.'ular 

dlotid-bution,  an  has  been  previously^  pointed  out® 


Vo  Succes3  of  tl'K)  Th'.ioi^y 

It  appears  oatabllshed  that  Butler’s  theory  accounts 
for  the  observed  angular  dis tributioi":s  in  (d*p)  reacoic*'Co 
Tho  r.uccess  of  the  thoery  remains  surprising.  In  view  of  the 
relatively  low  energy  deuterons  which  have  been  used  In  the 
experiments.  We  have  seen  that  Butlor's  assumption  (d), 
section  III,  Is  equivalent  lo  neglecting  as  a source  of  proton 

-r 

waves  the  term  extorlor  to  the  nucleus,  and  that  this 

neglect  Is  Identical  with  Born  approximation.  It  Is  well 
known  that  Born  approximation  Is  often  much  better  than 
expected;  the  theory  of  angular  distributions  In  (d,p) 
reactions  aeiuno  to  be  another  such  case,  and  we  offer  no 
explanation. 

Assumption  (b),  section  III,  lad  to  eq.  (32)  being 
Integrated  over  rjj  > a rather  than  over  all  space,  as  In 
oq.  (13).  In  a sense  neglect  of  Vjjp  for  i*jj<a 
oan  be  thought  of  as  an  Impulse  appr^rlmatlon*  i.  e.  the 
neutron-proton  forces  do  not  have  time  to  act  in  the  Interval 
that  the  deuteron  overlaps  the  nuulsus.  But  this  Interpre- 
tation Is  hard  to  Justify,  since  V^p  is  not  smaller  than 
V){,  and  since  the  deuterons  are  slow.-^  In  any  event  it  is 
dlificult  to  see  why  neglect  of  Vi,p  for  ru  <a  should  lead 
to  a better  result  than  including  it.  Integrating  over  all 
rji  In  oq.  (32)  permits  V^p  to  bo  replaced  by  Vjj,  as  we  have 
sean,  and  leads  to  a modified  angular  distribution^  which, 
however,  is  gonorally  not  vary  different  from  Butler’s 
original  form.  It  la  uoubtiul  that  the  avall'-.bl a data  are 
accurate  enough  to  choose  between  the  two  possibilities: 


.”ich 


intpp;rati  nt;.  over  rjO  ii!t«it,fat^.n;_  a'-'e}'  r.ll 

better  data  on  selected  nuclei  in  v;hlch  the  dil’iorences  between 
the  two  forms  are  emphasized,  together  with  comparisons 
of  absolute  cross  sections  with  the  theory,  a decision 
between  the  two  alternatives  may  be  feasible. 

An  alternative  means  (to  that  in  section  III)  of 
converting  the  Schroedinger  equation  of  the  problem  to  an 
inr.'omogoneoua  differential  equation  is  to  replace  the 
assumptions  (a)  • (d)  of  section  III  by:  (a^  Vp  ~ 0;  (o*) 

A 

assume  Vjj  - 0 for  rw>a|  (o»)  for  ru^£  3F  satisfies 

(38) 


kVith  these  assumptions  V^p  is  nowhere  neglected. 


T^<  0. 


If  ^ 0 is  replaced  by  ^ on  the  right  side  of  eq.  (38)  we  obtain 
the  presumably  correct  eq.  (4),  with  of  course  Vp  2 o.  Thua 
eq.  (38)  amounts  to  neglecting  V(j^  as  a source  term,  in  the 
region  r}{<  a. 

.Vithout  going  into  as  many  details  as  previously, 
assumptions  (a')  - (c’)  imply  the  solution  ^ is 

u hero  is  the  outgoing  Green's  function  satisfying 


(40) 


To  determine  the  scattering  amplitude  in  closed  form  we 

must  express  G^^  in  terms  of  G,  eq.  (9),  enabling  us  to  employ 

the  orthonormality  of  the  set^(/^).  From  eq.  (40)  the  intogral 
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^:G^{.tlon  for  la 

5,  ~ G'h  Kp)G; 


Substituting  oq.  (41)  in  eq.  (39)  the  scattering  amplitude 
A(n)  is  seen  to  be 


(42) 


Eq.  (42)  can  be  approximated  by  ignoring  the  term  in 
®1  'pD  ' ^ D "$  • e.  g.  (39),  which  vanishes  in  Born  approx- 
imation  ^ “ (p  j)»  In  first  approximation  therefore  A(n)  of 
eq.  (42)  is  identical  with  the  Born  approximation  to  eq.  (19) 
with  Vp  s 0.  Other  equally  reasonable  ways  of  estimating  eq. 
(42)  lead  to  the  seme  conclusion. 

The  above  discussion  demonstrates  that  a variety  of 
dixfcrent  approaches  cun  lead  to  angular  distributions 
resembling  Butler's.  This  helps  to  make  under stsmdable  the 
success  of  his  theory  in  accounting  for  obersved  angular 
distributions.  As  a corollary,  the  success  of  Butler's  theory 
with  pi  esently  available  data  does  not  strongly  support  his 
particular  model. 


I 


fie  consider  the  physics  oX  the  (d,p)  reaction  still  somewhat 
obscurSf  and  until  this  is  better  elucidated  we  see  no  good 
reason  why  Butler *s  original  formula  eq.  (32)  should  be 
superior  to  say  Born  spproxlmation  in  eq.  (19)  or  to  eq.  (42) 
including  the  second  correction  term. 

He  ttdd  that  it  seems  possible  to  carry  through  the 
calculations  of  this  paper  including  spin  and  without  making 
the  opproximation  that  the  nucleus  is  a center  of  force.  By 
this  means  we  would  arrive  at  the  selection  rules^»  but  would 
not  otherwise  add  enough  to  the  simpler  throry  we  have 
presented  to  warrant  the  extra  formal  comp*. icat ions.  The 
chief  desideratum  of  a more  careful  discua.:lon  would  be  to 
arrive  at  an  improved  estimate  of  the  magnitude  of  the 
cross  section.  ^*2.4.6  but  this  we  are  not  yet  prepared  to  do. 


